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Abstract
Our research group, led by Professor J. H. Johnston, has developed a novel approach for
dyeing merino wool with nanogold [gold nanoparticles (AuNPs)] by coupling the chemistry
of gold with that of wool fibres. This utilises the plasmonic properties of nanogold to
create attractive fabric colours ranging from pink to purple to grey. The newly created
fabric benefits from the synergistic effect of the unique properties of strong merino wool
and valuable gold, i.e. the innovative product is intensely coloured, colour fast, naturally
hydrophobic, anti-microbial, anti-static as well as having first-rate wearing comfort. This
innovation has attracted substantial interest from industry resulting in the collaboration of
our research group with leading fabric manufacturers and designers. However, the colour
range of this unique high-value product is limited. It was desirable to enlarge the colour
range by developing new strategies to create wash fast nanogold–wool composites with a
broad colour spectrum.
Thus my research aimed to identify and understand the fundamental principles that govern
the formation of nanogold–wool composites. Based on the derived knowledge, it was aimed
to develop a methodology to covalently link pre-synthesised AuNPs of various colours to
the surface of New Zealand merino wool fibres in order to obtain wash fast nanogold–wool
composites with a broad colour spectrum. This involved the synthesis, functionalisation
and characterisation of colloidal AuNPs, and their application as colourants for wool. The
methodology followed three general steps: (1) synthesis of colloidal gold, (2) preparation
of the wool surface for the colouring processes, and (3) production of nanogold–wool
composites. Each work stage was accompanied by thorough analysis and characterisation
of the intermediate and final products.
Studying colloidal gold systems and nanogold–wool composites which were previously
iii
reported provided the insights that were necessary to develop new methodologies to strongly
link AuNPs to wool. For instance, nanogold stabilised by oleylamine produces especially
bright pink nanogold–wool composites; however, the AuNP–wool bond is relatively weak.
Hence, several AuNP–wool bond types were intensively studied, and as a result of combining
the knowledge gained, two approaches were developed to provide a proof-of-concept for the
creation of wash fast nanogold–wool composites. These approaches involved a specifically
designed, in-house-synthesised capping agent for AuNPs as well as a crosslinker that binds
functionalised AuNPs to the reactive sites of wool.
In addition to achieving the project aims, my work produced three new systems of colloidal
gold in aqueous medium which stand out due to their properties. Specifically, these
properties were: (1) being stable without significant electrostatic or steric stabilisation,
(2) having a unique surface functionalisation allowing for selective chemistry, and (3) having
an intense blue colour as a result of controlling the AuNP shape during synthesis. All
three systems show application potential for wool colouration, ligand exchange reactions,
surface-enhanced Raman spectroscopy (SERS), and in the field of biomedicine.
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Chapter 1
Introduction
Wool has a strong history as a traditional New Zealand product and, particularly, merino
wool is internationally recognised as premium priced high-quality product with a fine fibre
diameter.[1] Merino is obtained from merino sheep and possesses highly valued properties,
such as luxurious wearing comfort and excellent insulating character.[2] Wool has many
uses in the fabric and fashion industry[3] and has also been investigated as a starting
material for multi-functional fibres produced by nanotechnological processes.[4] However,
New Zealand wool has become gradually less attractive for the international textile market
due to considerable competition from other wool-producing countries as well as synthetic
fibres.[5] This has led to a continuing downsizing of the New Zealand wool industry by over
40% of the total number of sheep since the high of 65–70 million sheep in the 1980s. The
forecast indicates further decline.[6] The downsizing has affected mostly the strong wool
sector, while fine wool production has remained a largely profitable sector. The long-term
success of fine wools is based on the high demand from international markets for functional
textiles.[7]
One way to revive the overall market impact of New Zealand’s wool and sheep industry is
to raise the demand of wool by producing attractive, high-status goods.[5] Such finished
products have been under development by the research group of Professor J. H. Johnston
which has been colouring wool with pure gold or silver since 2006.[8,9] In particular gold
was chosen for its undisputed representation of wealth and power in human societies, and
because of its outstanding intrinsic properties. One intrinsic property of nanoscopic gold
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[nanogold or gold nanoparticles (AuNPs)] is known as localised surface plasmon resonance
(LSPR) and gives nanogold a variety of brilliant hues other than the golden colour of
the bulk material. The colours can be tailored by controlling the size and shape of the
AuNPs during synthesis. However, although a novel approach to colouring wool with
nanoscopic gold was demonstrated over six years ago,[8] little attention has been paid to
the production of wash fast wool coloured with pre-synthesised AuNPs of a large gamut
(colour range).
This current work aims to identify and understand the chemical and physical parameters
that govern the formation of such composites. Thus, it presents a set of fundamental
investigations of the
(1) zeta potentials (ZPs) of wool fibres and AuNPs as a function of pH,
(2) different methods for synthesising colloidal AuNPs, and
(3) AuNPs that are bound to wool fibres (nanogold–wool composites).
On the basis of these investigations, it then describes the preparation of (1) red nanogold
produced by reduction with sodium metabisulfite (AuNa2S2O5), (2) blue nanogold produced
by reduction and stabilisation with chitosan (AuCHT), (3) red nanogold produced by
reduction and stabilisation with N,N′-cystinebisacrylamide (AuCiBA) colloids, as well
as (4) AuCiBA–wool composites, and (5) nanogold–wool composites using carbodiimide
coupling chemistry. Thus, the work presented here proposes the development of three new
synthesis methods for colloidal AuNPs for wool colouration, and two new methodologies
for covalently linking functionalised AuNPs to the surface of wool fibres.
1.1 Background
1.1.1 Wool
Wool is a natural, proteinaceous fibre obtained from sheep and is one of the oldest fibres
used by humans for clothing and textiles. In the 1450s, wool became fashionable for
fine clothing and since the 1700s merino wool has been an exceptionally popular apparel
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(a) A 22 µm merino fibre. The surface is
relatively smooth.
(b) A 38 µm crossbred fibre. The surface
is coarser than that of pure merino.
Figure 1.1: Scanning electron microscopy (SEM) images of (a) a merino and (b) a crossbred
wool fibre used in the current research.
fibre.[10] Merino sheep originate from Spain and were the first breed to be introduced
to New Zealand by the early European settlers before more robust breeds followed.[11]
New Zealand became expert at sheep farming, and that resulted in the development of
crossbreeds of merino with English types of sheep (crossbred), and new breeds.[12,13] In
the late 1800s, this expertise resulted in a prosperous wool sector that became one of
New Zealand’s primary producers.[11] In 2008, New Zealand was the third largest producer
of wool in the world behind Australia and China with 5% of the clip being high-value
merino, or fine wool and 89% heavy-duty strong wool.[5] However, as mentioned above, the
immediate challenges to sheep farming have resulted in an ongoing trend of substantial
down-sizing of the wool production in New Zealand.
The quality and value of wool is an assessment that varies from country to country.
Generally, the mean fibre diameter in µm (micron) is a direct measure of the value of a
fibre type, as the premium increases with decreasing fibre diameter.[13] The current study
uses fine (16 and 17.5 µm) and medium (22 µm) merino wools and strong (38–39 µm)
crossbred wool. As can be seen in Figure 1.1, the surface of a merino fibre is relatively
smooth whereas that of a crossbred fibre is relatively coarse. Fine fibres offer luxurious
comfort and are used for apparel. The coarse fibres are predominantly used for upholstery
and carpets.
Wool belongs to a family of fibrous proteins called keratins that are also found in human
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nails and hair.[14] Keratinisation occurs during cell growth before the fibre extrudes through
the top layer of the skin and is essentially a ‘hardening’ process based on asymmetric
enrichment of sulfur in the fibre.[15] This process results in fibres composed of a tough
shell and a strong but flexible core with varying degrees of crimp (curl).[16] Although the
surface morphology appears to be simple (Figure 1.1), the underlying structure is highly
complex and variable.
1.1.1.1 Chemical composition of wool
Wool is a natural polymer that consists of∗ carbon (50–52%), oxygen (22–25%), nitrogen
(16–17%), hydrogen (6.5–7.5%), sulfur (3–4%) and inorganic components (1–0.5%).[17] The
basic elements are the constituents of between 18 and 24 different types of amino acids
that can be categorised according to the nature of their side chains:[14,17–20]
• ‘Acidic’ amino acids and their ω-amides: aspartic acid, glutamic acid, asparagine,
glutamine.
• ‘Basic’ amino acids and tryptophan: arginine, lysine, histidine.
• Amino acids with hydroxyl groups in the side chain: serine, threonine, tyrosine.
• Sulfur-containing amino acids: cysteine, cysteic acid, thiocysteine, cystine, lantionine,
methionine.
• Amino acids without reactive, non-polar groups in the side chain: glycine, alanine,
valine, proline, leucine, isoleucine, phenylalanine.
These amino acids form fibrous polypeptides of approximately 170 different proteins that
provide wool with its mechanical strength, flexibility and low solubility (Figure 1.2).[21]
Inter-chain linkages considerably stabilise the fibre by crosslinking neighbouring polypeptide
chains. The side chain interactions contribute secondary interactions and provide wool
fibres with chemical and physical properties that depend on the pH. At low pH values, the
wool fibres possess a positive net charge due to the protonation of the basic amino groups.
Under isoelectric conditions (3.5 < pH < 5.0), the charges of the acidic and basic amino
∗After removal of vegetable matters, contaminations and surface wool grease. The chemical composition
varies between animals and breeds and depends on diet, environmental influences, disease, etc.
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acids cancel each other out and provide wool with a net zero charge. With increasing
pH, the fibres possess a net negative charge as a result of the deprotonation of the acidic
carboxyl groups [Equation (1.1)].[22,23]
H3N+–wool–COOH
Acid condition
+OH−−−−−⇀↽ −
+H+
H3N+–wool–COO–
Isoelectric condition
+OH−−−−−⇀↽ −
+H+
H2N–wool–COO–
Basic condition
(1.1)
Although the amphoteric character of wool in Equation (1.1) is highly simplified, it
illustrates the net surface charge of wool fibres adequately on a macroscopic scale. On
a microscopic scale, the amino acid distribution in the fibre is heterogeneous and differs
significantly from region to region of the fibre. The inner parts of the fibre are particularly
high in glutamic acid and the polypeptide chains organise into α-helices. In the outer layer,
the polypeptides arrange in β-sheets and are rich in cystine, its derivates and residues as
well as serine.[24] As a result of the inhomogeneous amino acid distribution in the fibre
as well as an outer sheath of hydrophobic lipids, wool has a multi-functional composite
structure with a tough surface that protects the core material from chemical and physical
attack.[19]
Although wool consists almost entirely of proteins, it also contains minor amounts of
mineral salts, nuclear remnants, carbohydrates and lipids.[17] Those lipids amount to
approximately 2 wt% and are, for instance, ceramids, cholesterol esters and derivates, free
fatty acids (e.g. palmitic acid) and 18-methyleicosanoic acid (18-MEA).[25]
The inhomogeneous chemical composition imparts wool with a hierarchical, complicated
structure of multiple components and a complex morphology.
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Figure 1.2: Simplified illustration of inter-chain and intra-chain interactions in wool. Peptide
bonds are primary interactions. Secondary interactions (e.g. ionic bonds and hydrogen bonds)
occur within a single peptide chain or between different chains and provide the wool fibre
with additional strength, and chemical and physical properties. Peptide chains have α-helix or
β-sheet conformation.[13,16,17,19]
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1.1.1.2 Morphology of wool
The morphological elements of wool are displayed in Figure 1.3. The three major fibre
components are the cortex (50–90 wt%), the cuticles (5–10 wt%) and the cell membrane
complex (CMC) (3 wt%). The cortex forms the porous, multi-layered core of the fibre and
is surrounded by the cuticle scales and the CMC. The CMC firmly binds the individual
elements of the fibre together by forming a continuous phase throughout the fibre. The
bilateral substructure of the cortex comprises groups of ortho- (60–90%), para- (10–40%)
and minor amounts of mesocortical cells (1–4%) that are usually found along the thin
boundary between the two main compartments of the ortho- and paracortex. Strong wools
can also feature a central core of medullar cells that are an air-filled network that provides
increased thermal insulation (not displayed). Cortical cells are about 95 µm long and
5.5 µm wide and consist of densely-packed bundles of shorter and thinner macro- and
microfibrils. The fibrils are built of α-keratin molecules and are infused by a sulfur-rich
protein matrix. While paracortical cells are lower in density due to a core of nuclear
remnants, orthocortical cells are higher in density due to their richness in highly crosslinked
sulfur-containing amino acids. Both transverse and longitudinal sections show cavities in
the cortex.[14,26–28]
While Figure 1.3 shows an ideal fibre with a straight orientation, wool fibres are naturally
crimped (curly) once they break through the skin. The crimp and its frequency is probably
the result of asymmetric cell growth, crosslinking of sulfur-containing amino acids in the
polypeptide chains of keratins, the bilateral arrangement of para- and orthocortex and/or
gene mutation.[29] The crimp is a function of the bilateral arrangement of the para- and
orthocortex as shown in Figure 1.4. The transmission electron microscopy (TEM) image
(A) shows the histology of a merino fibre cross section where the ortho-, paracortex, and
nuclear remnants can be clearly identified. The energy dispersive X-ray spectroscopy
(EDS) map of a fibre cross section (B) shows the heterogeneous distribution of sulfur in the
fibre. The schematic illustration (C) highlights that the cuticle and medulla cells are lower
in sulfur than the cortical cells. It is shown that the orthocortical cells comprise more
of the cortex than the paracortical cells. The two cortex components form an elongated
double-helix that induces the natural crimp. The crimp occurs in a manner such that the
orthocortex is always facing the outside of the curled fibre and the sulfur-rich paracortex
takes the shorter pathway of the bend (D). Both cortex segments are in phase with the
7
Figure 1.3: Schematic illustration of the morphological structure of a merino wool fibre.
The cuticle scales envelop a core of the multi-component cortex. The cortex is a bilateral
arrangement of fibrillar ortho- and paracortical cells that consist of subunits (macrofibrils and
microfibrils) and nuclear remnants. The medulla in the fibre center often occurs only for strong
fibres. The cell membrane is an intercellular material that binds the different cell types. ©
2008 CSIRO. Graphics by H. Z. Roe, 1992 & B. Lipson 2008, based on a drawing by R. D. B.
Fraser, 1972.
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Figure 1.4: Ortho- and paracortex in a wool fibre. (A) TEM image of merino fibre cross
section. Figure courtesy of G. Rogers, University of Adelaide. (B) EDS map of the sulfur
distribution in the cross section. (C) Schematic illustration of B highlighting the bilateral
arrangement of the two cell types and the high sulfur level in the paracortex. (D) Ortho- and
paracortex form a double helix along the longitudinal axis of the naturally crimped wool fibre
where the orthocortex always faces the outside.[31]
crimp of the fibre. The natural crimp behaviour influences the arrangement of the cuticle
scales where the average number of cuticles on the ortho side is smaller and the overlap
of cuticles is about three to five times lower than for the para side. Following along the
crimp, the cuticle overlap is either compressed or stretched. The ‘open’ ortho sides are
more accessible to chemicals (e.g. dyes) than the ‘sheltered’ para sides.[19,28,30]
Figure 1.5 shows a schematic illustration of the morphological structure of a wool fibre with
a close-up view of the cuticle. The cuticles are the outer protein layer of the wool fibre and
form a hard sheathing of overlapping scales to protect the inner regions of the fibre. The
scale coverage consists of a single layer for fine wool fibres and multiple layers for strong
wool fibres with an longitudinal scale overlap of approximately 15%.[32,33] An isolated
cuticle scale of a merino fibre is about 0.3–0.5 µm thick, 30 µm long and 20 µm wide.[24,27]
The substructure of the cuticle has been comprehensively studied but is still debated.
Based on a review of the literature, a cuticle scale is a multi-layered laminate and consists
of the endocuticle, the exocuticle, and the epicuticle. The epicuticle is less than 10 nm thick
and is composed of the A-layer and the semi-permeable cuticle membrane. Both layers are
proteinaceous in nature. The exocuticle in the centre of the cuticle scale consists of the
a-layer and b-layer and amounts to approximately 65% of the cuticle. The endocuticle is
embedded between the exocuticle and the CMC and comprises approximately 40% of the
whole cuticle. The entire cuticle is surrounded by the F-layer which consists of 18-MEA
and minor amounts of free fatty acids. This lipid layer on the wool surface imparts wool
with a nanoscopic, water-repellent ‘skin’.[34] The multi-functional sandwich system of the
9
Figure 1.5: Schematic illustration of a longitudinal cross section of a wool fibre. The scheme
is based on data found in the literature.[17,19,27,36,40] The three major components are the
cortex fibrils, the cuticle scales and the CMC. The cuticle scale comprises a laminate of the
endocuticle, the exocuticle and the very thin epicuticle. The cuticle scale is surrounded by
the cuticle membrane and the hydrophobic F-layer. The 18-MEA is covalently bound to the
proteinaceous matrix of the cuticle scale.
cuticle scale protects wool from mechanical influences and weathering, and is a natural
diffusion barrier against hydrophilic substances such as dyes.[35] The gap between the
cuticle scales provides cavities that are the main entry point for small molecules, such as
dyes, to penetrate the inner parts of the fibres via the CMC phase.[28,34,36–39]
The non-uniform distribution of non-protein matter, non-keratinous and keratinous proteins
in wool is summarised in Figure 1.6. The cuticle cells contain 6.4% of the keratinous
proteins (exocuticle) and 3.6% of the non-keratinous proteins (endocuticle). The cortex
represents 74.1% of the keratinous proteins where 35.6% is found in the microfibrils and
38.5% in the matrix that envelops the microfibrils. Furthermore, the cortex comprises 12.6%
of non-keratinous proteins in the nuclear remnants and inter-macrofibrillar material. The
CMC constitutes 1.5% of the keratinous proteins in the resistant membranes, 1.0% of non-
keratinous proteins in the form of soluble proteins and 0.8% of non-protein matter present
as lipids. The proteinaceous cuticle membrane including the F-layer is approximately
0.1 wt%.[19] The composition of the epicuticle is neglected in Figure 1.6. The quantitative
distribution of non-protein matter, non-keratinous and keratinous proteins is the source of
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Figure 1.6: Approximate quantities of non-protein matter (green), non-keratinous proteins
(red) and keratinous proteins (blue) in the cuticles, cortex and CMC. Data from ref. [19].
the diverse chemistry of wool depending on the wool component.[28]
1.1.1.3 Chemical reactivity of wool
Amino acids can undergo a number of different reactions. The research described in this
thesis is concerned with the hydrolysis of polypeptide chains, the reactivity of disulfide
bonds in the wool, and the reactivity of side chains with acid and reactive dyes. While the
reactivity of the side chains and disulfide bonds allows the wool fibres to be dyed, harsh
conditions during the dye process can damage the fibre irreversibly by hydrolysing the
polypeptide chains.
Hydrolysis of polypeptide chains
Polypeptide chains form the backbone of wool fibres and are crosslinked via isopeptide and
disulfide bonds (Figure 1.2). Extensive cleavage of those covalent bonds is accompanied
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by significant fibre damage and loss of its mechanical strength.[41] This process is often
accompanied by a high degree of yellowing of the fibre.[42] As shown in Equation (1.2),
hydrolysis in aqueous medium occurs under harsh conditions at the amide linkage (the
peptide bond).[22]
+D and/or H+
in H2O
NH
O
O
R
NHNH
R R
O
NH
O
O
R
NHNH
O
Hydrolysed peptide bondsPeptide bonds
+D and/or H+
in H2O
NH
O
O
R
NHNH
R R
O
NH2
O
R
OH
O
NH
R
OH NH2
R
O
Hydrolysed peptide bondsPeptide bonds
NH2
O
R
OH
O
NH
R
OH NH2
R
O
+
+
(1.2)
Hence, conditions which promote hydrolysis of the wool during the various treatment
processes have to be avoided, for example:
• Prolonged treatment in water at the boil (> 15 min).
• Acidic conditions: pH < 2.5 at > 60 ◦C.
• Basic conditions: pH >10 at 50 ◦C or pH > 8–9 at 100 ◦C.
In order to inflict the least damage, wool is dyed at low temperatures (85–90 ◦C in place
of ≥ 100 ◦C) and within the isoelectric region (IER) of wool (3.5 < pH < 5.0).[22]
Reactivity of disulfide bonds
Wool contains approximately 10 mol%[27] of reduced cystine residues∗ but can vary con-
siderably depending on the wool sampling and analysis techniques. The sulfur of cystine
is fairly unreactive because it forms stable disulfide crosslinks between the polypeptide
chains. In order to increase the reactivity of keratin fibres with reactive dyes, it is desirable
to reduce the S–S bond (cystine) to thiolates/thiols (cysteine residues) as schematically
∗Value includes oxidation byproducts such as cysteic acid.
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depicted in Equation (1.3).
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Reactive thiolate Reactive thiol
(1.3)
This reduction has to be limited because excessive reaction causes (1) undesirable fibre
damage (i.e. considerable reduction of the fibers’ wet strength and/or yellowing), and
(2) the unsuitable formation of eve st onger linking lanthionine. Lanthionine is very
similar to cystine but the lanthionine bond contains only one sulfur atom. It occurs in
wool following alkaline treatment.[43] Free thiol groups tend to form new disulfide bonds
which can be used to artificially strengthen the fibre.[44] The wool industry takes advantage
of this phenomenon known as wool setting.[45]
The schematic conversion of disulfide bonds into thiols in Equation (1.3) is rather simplified.
In practice, the functionalisation of thiols is achieved via sulfitolysis.
Sulfitolysis of disulfide bonds
The sulfitolysis of disulfide bonds breaks the bond between the two sulfur atoms of cystine
and forms two new reactive sites [Equation (1.3)]. Controlled reaction conditions during
sulfitolysis maintain a high enough number of disulfide bonds for sufficient mechanical
stability but also create cysteine residues to impart new properties.[46] The specific re-
action occurs in the presence of, for example, thioglycolate,[47,48] sodium metabisulfite
(Na2S2O5),[45,49] or formaldehyde.[50,51] Depending on pH, the effectiveness of these reducing
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agents varies.[16,49] In aqueous solution Na2S2O5 is present as HSO–3.[45,52] Equation (1.4)
shows that sulfite reduces only half of the disulfide bond to a cysteine residue (thiolate);
the other half is oxidised to S-cysteine sulfonate. The freshly created cysteine residue can
act as an oxidant on the disulfide bond and promote the further reaction of cystine.[45,53]
Oxidant
R S S R + R S-HSO3 +
- R S SO3
-
Cystine Cysteine
residue
S-cysteine
sulfonate
Oxidant
R S S R + R S-HSO3 +
- R S SO3
-
Cystine Cysteine S-cysteine sulfonate
(1.4)
Sodium metabisulfite is used for wool setting in a continuous industrial processes, for exam-
ple, the Chemset™ process developed by the Wool Research Organisation of New Zealand
(Inc.) (WRONZ).[45] In wool setting processes, disulfide crosslinks and hydrogen bonds are
rearranged to release strain from stretched or twisted fibres. The rearrangement improves
the fibre strength, and allows for imparting permanent creasing and pleati g.[14,28,44] How-
ever, hydrolysis of the disulfide bond in neutral aqueous solution at the boil is accompanied
by a yellowing of the fibre due to the oxidation of amino acids to a variety of yellow
chromophores.
1.1.1.4 Modification of the wool surface
Wool is one of the most important natural fibres in the textile industry: it is strong,
sustainable, thermally insulating, anti-static, naturally water-repellent, odour resistant and
dyeable.[54] However, unlike synthetic fibres, the variable chemical and physical structure
of wool fibres can result in shrinkage, felting and non-uniform colouration of wool textiles.
The modification of wool has been subject to numerous investigations in order to enhance
the appearance and performance of wool products.[46,55,56] Such modifications can result
in alteration of the chemical properties, improved absorption properties and the shrink-
resistance of wool.
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Alteration of the chemical properties of wool
The chemical properties of wool are largely defined by the side chains of the amino acids.
The chemical properties of wool can be altered by chemical agents that are applied to the
fibre. The agents may bind electrostatically to the fibre surface with a high density and
impart wool with a new set of active sites. One such agent is the biopolymer chitosan
(CHT)∗. It is soluble in dilute acid, a cationic polyelectrolyte and recovered from shrimp
shells (Figure 1.7). It has been applied as finishing agent to wool[57] and as an anti-microbial
agent in wound bandages.[58,59]
The interaction of CHT with the surface of wool is based on electrostatic attraction.
The application is performed at a pH above the IER of wool (3.5 < pH < 5.0) where
wool possesses a net negative surface charge and CHT has a positive charge due to the
protonation of the amine groups. The CHT–wool interaction results in a decrease of the net
negative charge of the wool fibre thereby making it more accessible for negatively charged
species such as some ’acidic’ dyes. According to the literature, CHT-modified wool shows
improved anti-felting behaviour and dye uptake with good wash fastness properties.[60–62]
OO
OH
NH2O
NH2
OH
O
OH
OH
OH
n
Figure 1.7: Chemical struc-
ture of a CHT oligomer.
Based on this knowledge, it was assumed that CHT-treated wool would be a preferable
substrate to untreated wool and that CHT-stabilised AuNPs are adequate colourants for
wool. Hence, we optimised and developed methodologies to produce AuCHT (Section 4.3).
Shrink-resistance of wool
Wool is a high-performance fibre that is superior to synthetic fibres in respect of thermal
insulation, odour resistance and anti-static properties. However, wool tends to felt.
Unlike sleek synthetic fibres, wool is covered by cuticle scales with an edge thickness of
approximately 0.75 µm.[40] These scales can entangle when exposed to friction (e.g. wool
processing and laundering) that is accompanied by felting shrinkage. In addition, we found
∗β-(1,4)-2-amino-2-deoxy-D-glucopyranose.
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(a) Descaled fibre. (b) Fibre with unacceptable cracks.
Figure 1.8: SEM images of crossbred wool fibres. The cuticle scales were removed by a
permanganate/salt treatment.[67]
that the cuticle scale edges are also the major site where AuNPs are preferably immobilised
on the fibre surface. This results in particle agglomeration which is accompanied by an
unfavourable change of the optical properties compared to those of AuNPs in solution. In
order to avoid AuNP agglomeration, the effects of anti-felting treatments were investigated
in this project.
The common anti-felting treatments available usually modify the friction properties of
wool by applying a thin polymer layer to the fibre surface. For instance, the commercial
chlorine/Hercosett® (Cl/H) process is a two-step treatment to obtain shrink-resistance.[63]
In the first step of the Cl/H treatment, chlorine water interacts specifically with the cuticles.
Oxidation products underneath the epicuticle membrane generate osmotic pressure and
elongate the membrane outwards (Allwörden reaction).[64] In the second step, the polymer
Hercosett 125 ∗ is applied onto the surface of the fibres and cured.[65] During the washing
cycle of wool garments, the resin coating swells significantly and smooths the hook-like
cuticle scales which prevents the entanglement of the cuticle edges.[66] The resin layer also
lowers the high surface energy that is found on the prominent cuticle edges and offsets
hydrophobic 18-MEA regions. However, we found that the colouration of Cl/H treated
wool with AuNPs results in uneven colours and that the Cl/H treatment does not prevent
AuNP agglomeration. Hence, the usage of Cl/H treated wool as a substrate was not
further pursued in the work presented in this thesis.
∗A polyamide epichlorhydrin type resin.
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Another approach to produce shrink-resistant wool is the reduction of the cuticle scale
height with a chemical treatment that ‘polishes’ the fibre surface.[68] Surface modification
using a potassium permanganate/salt treatment is a fast and cost-effective approach for
descaling wool fibres.[67] However, we found that this approach resulted in fibre damage that
exceeded acceptable limits, as is evident in the SEM images (Figure 1.8). Hence, the usage
of wool with reduced scale height was not further pursued in the current investigation.
Removal of 18-methyleicosanoic acid
18-MEA is a fatty acid that coats the surface of each cuticle scale. This hydrophobic
lipid layer is covalently bound to the proteinaceous matrix of the epicuticle via a thioester
linkage (Figure 1.9). 18-MEA forms together with minor amounts of free fatty acids, the
F-layer (Figure 1.5). The 18-MEA probably forms a monolayer.[37,38]
Although the layer of hydrophobic 18-MEA is only a few nanometers thick, it hinders
the diffusion of hydrophilic dyes into the fibre due to limited wetting of the wool fibre
surface. Removal of the 18-MEA results in enhanced reactivity and wettability of the fibre,
which is accompanied by improved dye–fibre interaction. Weathering and mechanical
influences damage the lipid layer irreversibly and alter the chemical behaviour of the
cuticle scales. The damage of the 18-MEA layer is more pronounced on the exterior cuticle
edges. Chemical and physical treatment also remove the lipid layer.[19]
The 18-MEA layer can be removed with a wet-chemical treatment that uses chlorine,
methanolic potassium hydroxide, t-butanol/t-butoxide and hydroxylamine or plasma
treatment.[64] Hydroxylamine removes up to 77% of 18-MEA without affecting the handle
of the treated textile and shows minimum oxidation of the newly created free thiols as a
result of thioester cleavage (Figure 1.10).[69]
O
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Epicuticle
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B
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18-Methyleicosanoic acidThioesterEpicuticle
Figure 1.9: Schematic illustration of 18-MEA consisting of a hydrophobic tail and a thiol
headgroup that anchors in the proteinaceous matrix of the epicuticle.
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Figure 1.10: Schematic illustration of the cleavage of 18-MEA from the proteinaceous
epicuticle matrix. The nucleophilic substitution produces free thiols on the wool surface and
substituted 18-MEA.[69]
The treatment of wool with hydroxylamine exposes reactive thiol groups on the fibre
surface that can be utilised to bind other species, such as nanoparticles (NPs), to the
wool.[70] As addressed in Section 6.2.2.1 (page 190), the 18-MEA was removed in order to
improve the interaction between carboxyl-functionalised AuNPs and wool.
1.1.2 Aspects of conventional dyeing processes
Acid and reactive dyes
Acid and reactive dyes are commonly used colourants in the textile industry. The chemical
reactivity of the amino acid side chains are responsible for the interaction of wool with the
dyes. The nucleophilic side chains of lysine, cysteine, histidine, threonine, serine, tyrosine,
methionine and N-terminal amines are the principal residues involved in the dyeing process
(Figure 1.11).[71,72]
The synthetic dyestuffs industry was born in 1856 when W. H. Perkin synthesised mauveine
Tyrosine
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Figure 1.11: A selection of amino acid side chains than can interact with reactive dyes. N-
Terminal amines, lysine, cysteine and tyrosine, also histidine, threonine, serine and methionine
are able to react chemically.[71]
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and recognised its potential as a colourant for textiles.[73–75] Since then synthetic organic
dyes have become standard colourants in the textile industry. Dyes are classified by
their functional groups or the nature of their dye–substrate interaction and are known as
chrome, metal-complex, acid and reactive dyes.[28] Understanding the dyeing mechanism
of those conventional dyes provides essential knowledge about wool fibre substrates and
colourant–fibre interaction. The chemistry that governs the colouration of wool by acid
and reactive dyes is of particular relevance to this thesis.
Acid dyes are water-soluble, anionic organic molecules with chromophoric groups (e.g. azo,
anthraquinone or indigoid groups) and acidic moieties (e.g. sulfonic acid or carboxylic
acid) to facilitate their water-solubility. A generic structure is shown in Figure 1.12a.
Basic dyes belong to the class of acid dyes and are water-soluble, cationic chromophores
with basic moieties (e.g. quaternary ammonium compounds). Both, acid and basic dyes
adsorb to positively or negatively charged sites on the wool, respectively, via ionic bonds
that strongly depend on the pH of the dye bath. The dye–fibre interactions also include
hydrogen bonds and other intermolecular forces. These types of bonds are rather weak
which results in only moderate wash fastness of the coloured textile.[14]
In a typical dyeing procedure using acid dyes, wool fibres are equilibrated in the dye bath
at 30–90 ◦C for approximately 45 min. The wool:liquor ratio varies between 1:3–1:40. The
bath pH is adjusted to 3 with hydrochloric acid. To improve the levelness (evenness) of
the colouration, salt (e.g. Na2SO4) may be added. After the wool–dye bath system has
equilibrated, the acid dye is added and the temperature is raised to 98–140 ◦C with a
temperature rise rate of 0.25–16 ◦C min-1. The temperature is maintained for up to 2.5 h
to allow for uptake of the dye by the wool. The dye–fibre interaction is of an electrostatic
nature between negatively charged dye molecules and positively charged side groups of
the amino acids present in wool.[76,77]
Reactive dyes are similar to acid dyes but possess side groups that covalently bind to the
functional groups of the wool. For optimal reactivity, reactive dyes are applied at pH 4–6.
The strong linkage results in good wet fastness properties of the coloured wool.[78] In order
to make the dyeing process as efficient and economical as possible, dyestuff manufacturers
have been developing bifunctional chromophores since the 1960s. The chromophores are
homo- or bifunctional but in both approaches the chances of the covalent reaction of the
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(b) Reactive α-bromoacrylamide dye.
Figure 1.12: Chemical structures of dye molecules.
dye molecule with the reactive sites of the wool are increased. The reactive moieties of the
dyes are e.g. sulfato-β-hydroxyethylsulfones, difluorochloropyrimidine, monochlorotriazine,
dichlorotriazine, and α-bromoacrylamides.[79,80]
For the research investigated in this thesis, the reactive acrylamide dyes are of high
relevance. The generic structure of such a α-bromoacrylamide molecule is shown in
Figure 1.12b. During the dyeing process, the α-bromoacrylamide groups are likely to
react with lysine, histidine, cysteine and N-terminal amino groups. The formation of
covalent bonds results in a very strong dye–fibre interaction and consequently, in high
wash fastness.[81,82] Based on this, the work in this thesis project was based on the strategy
of mimicking the acrylamide dye–wool interaction. This prompted the functionalisation of
AuNPs with N,N′-cystinebisacrylamide (CiBA) that contains acrylamide groups, and the
colouration of wool with such AuCiBA particles (Sections 4.2.1 and 6.1).
Discussion of the diffusion and the adsorption of dyes (acid dye)
The diffusion of dyes into the wool fibre and their subsequent binding are of vital importance
for the dyeing process. Some terms that the dyeing industry uses to describe the dyeing
process are:
Exhaustion The quantity of dye taken up by the fibre at any stage of the process
expressed in % of the initial dye concentration.
Fastness A property of the finished fibre or textile that expresses the resistance of the
dye–fibre bond to fading due to rubbing, washing, light, etc.
Fixation The quantity of dye on the fibre after the final stage of the process expressed
in % of the initial dye concentration.
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Figure 1.13: Schematic description of the
influence of the temperature on the exhaus-
tion of the dye bath over time. The higher
the temperature, the faster the uptake, the
faster the equilibrium reached and the lower
the total uptake.[85]
Figure 1.14: Schematic description of the
ion concentration in an acid dye bath over
time. Hydrogen and chloride ions quickly
adsorb. Then chloride ions are released
again and hydrogen ions reach saturation.
Dye ions adsorb slowly during the entire
process until the equilibrium is reached.
Levelness The colour for the whole fibre, yarn or textiles has the same shade and deepness.
Generally, wool dyeing is a three-step process and is a function of pH, temperature and
solvent.[83,84] The three steps are:
(1) The dye molecule diffuses from the liquor to the surface of the wool. Because an
energy barrier to diffusion has to be surmounted, diffusion is favoured by higher
temperatures. The dye diffusion is not a function of Fick’s law of diffusion for the
entire uptake curve and the best fitting mathematical description is still discussed.[77]
Nevertheless, a rise in temperature enhances the rate of dyeing but decreases the
total amount of dye bound (Figure 1.13).[85]
The wool fibre offers finite sites for dye adsorption within the porous structure and
on the surface. The nature, amount and aerial distribution of these sites is dictated
by the inhomogeneous nature of wool. The geometrical surface area of wool is
characterised by a rough topography due to the cuticle scales and pores. The pores
can stretch from 4–1000 nm when a fibre swells in water by 16% in diameter and 1%
in length associated with a water uptake of up to 38%.[19,83] The specific surface area
is characterised by the availability of amino acid residues with reactive side groups.
Common models such as Langmuir, Freundlich and Brunauer–Emmett–Teller (BET)
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can be applied to describe the adsorption mechanism. However, the fit of the models
to the data depends on the assumptions made in each model; for example, it is
assumed that only a simple monolayer is adsorbed.[53,85] The adsorption of dye and
hydrogen ions, and the adsorption and desorption of chloride ions in an acid dye bath
is schematically illustrated in Figure 1.14. While hydrogen ions are rapidly adsorbed
by polypeptide carboxyl groups [Equation (1.1)], the dye ions are slowly removed
from the dye liquor. Both species reach a minimum equilibrium concentration.
Chloride ions from added electrolytes are adsorbed almost as fast by free ammonium
polypeptide groups as the hydrogen ions. Chloride ions are then replaced by dye
ions and released again into the dye bath.
(2) After the dyes molecules have migrated to the surface of the wool fibre, the molecules
adsorb onto the fibre surface. Hydrophilic dye molecules have to overcome the
hydrophobic fibre surface before they can diffuse into the fibre (Section 1.1.1.4). The
molecules diffuse transcellulary through the cuticle and intercellularly through the
gaps between the cuticle scales into the CMC of the fibre (Figure 1.15). The A-layer
of the epicuticle consists of approximately 35% cysteine residues that crosslink on
average one per five amino acid residues, which is twice as much as in whole wool.
This highly crosslinked component forms a natural diffusion barrier for the dye
molecules. Therefore, the dye enters the cuticle scale at the edges where wear or
treatment have partially damaged the F-layer and A-layer. From there the dye
molecule follows a path through the non-keratinous endocuticle into the underlying
CMC and cortex.[86,87]
(3) In the last step, the dye penetrates the entire fibre via the CMC and deep colours are
realised. Although the dye molecules enter the fibre through the intercellular regions
and non-keratinous components of the cuticle, as it traverses the non-keratinous
region deplete of dye and the sulfur-rich paracortex and exocuticle are heavily stained
(Figures 1.3 and 1.15).[87]
Discussion of the reaction temperature in the dye bath
As discussed in Section 1.1.1.3, the polypeptide chains of wool hydrolyse under harsh
conditions. A prolonged period of immersion in a bath at a temperature close to the
boiling point of water and above can damage the wool fibre irreversibly. At a dyeing
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Figure 1.15: Schematic illustration of the diffusion pathways of dye into the wool fibre.
Intercellular diffusion between the gaps into the CMC is favoured over transcellular diffusion
through the endocuticle.[87]
temperature of 60 ◦C, acid dyes diffuse relatively fast with a rate of 10-11 cm2 s-1 while
the wool fibre is largely undamaged. However, to achieve a high degree of colour levelness
based on a high rate of dye migration, a boiling period of approximately 30 min is required.
Furthermore, those conditions facilitate a satisfactory dye fixation and good dispersion of
dye stuffs in the bath.[85] The dyeing industry frequently uses levelling agents to reduce
the dyeing temperature and period.[88]
The use of salt in the dye bath
Salt is frequently used as levelling agent in the dyeing industry. An example is Glauber’s
salt (Na2SO4· 10H2O) which is inexpensive and effective. The effectiveness is based on
two observations:
(1) The salt anions bind electrostatically to the cationic moieties of the dye molecule.
This results in the neutralisation of the net charge of the dye molecule and temporarily
suppresses the electrostatic dye–wool attraction. Eventually, the dye–salt bond is
replaced by a dye–fibre bond.
(2) The small, mobile salt anions rapidly occupy the positively charged sites of the amino
acids of wool. The bulkier, less mobile dye molecules eventually replace the salt
anions on the wool and a dye–fibre bond is established. This controlled replacement
of small anions by bulky dye molecules results in a more level or even colour of the
wool.
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Unlevel colours are observed for fibres with different dye uptakes (e.g. root, tips, damaged
parts) and/or that are not thoroughly penetrated by the dye molecule. Large-scale yarn
and fibre dyeings also show colour variations from batch to batch.[28,85,88]
Future directions
The textile industry has experienced significant changes over the last 50 years. Synthetic
fibres appeared on the market and drove out cotton from its top position in the global
fibre consumption in the 1990s.[11] This change has also extended to the wool industry
and wool’s global share of the textile market decreased significantly from 5% (1992) to
1% (2012).[89] Although wool occupies a minor position in the fibre industry, customers
value it for its excellent properties such as odour-resistance, thermal insulation (warmth),
and strength. Market changes have also affected the dyeing industry who have had
to adjust their processes. Trends in the colouration industry are moving towards more
environmentally friendly processes and the investigation and development of new, innovative
chromophores.[90]
For the research presented in this thesis, the technical knowledge of conventional dyeing that
has been developed and optimised for over 150 years is being transferred to a colouration
process that uses metal NPs. The research is directed towards colouring wool with gold
NPs which are to be considered to be exceptional chromophores as their optical properties
are superior to those of conventional dyes.
1.1.3 Nanoparticles
Materials of nanoscopic size have an extraordinarily large surface-to-volume ratios that
place a considerable proportion of the atoms on the surface of a NP. The surface atoms
possess ‘dangling’ bonds that drastically increase the specific free surface energy of the
NPs. In order to relax the ‘stress’, NPs are much more reactive than the bulk material.
Hence, NPs have unusual physicochemical properties such as being catalytically active,
semi-conducting, photoluminescent and magnetic, although the bulk material shows none
of the same inherent properties.[91] These properties have attracted much attention over the
last two decades. There has been considerable research in nanoscience and nanotechnology
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exploring the size-related properties of NPs. A better understanding of the size-related
properties has led to numerous and various applications of nanomaterials. For instance,
(1) self-assembled supermolecular ensembles of DNA have been applied as chiral catalysts,[92]
(2) carbon nanotubes can deliver anti-cancer agents,[93] (3) semiconducting TiO2 NPs can
operate in gas sensors above 400 ◦C,[94] and (4) self-assembled 3D superlattices of magnetic
FePt NPs record data.[95]
Metal NPs (noble and alkali metals) with sufficiently free conduction electrons are of
particular interest. Their optical properties arise from a physical phenomenon called LSPR
that depends strongly on particle size and shape and can be accurately engineered.[96] In
the research here, we have taken advantage of this aspect and the focus is solely on NPs
made of gold.
In the context here, AuNPs are also called nanogold. The AuNPs are approximately
5–100 nm in diameter or length and consist of thousands of gold atoms considering that
4 gold atoms in a linear arrangement make up 1 nm.[97] Unlike bulk gold, nanogold is not
golden but exhibits unusual colours from brown, pink, red, purple, lilac, blue to green as a
function of the particle sizes and shapes. This outstanding property has been applied for
centuries; however, the fundamental science is still under investigation.
1.1.3.1 History of colloidal gold
Colloidal gold was already known for the beautification of glassware in Roman times. The
British Museum in London exhibits the Lycurgus Cup from the 4th century AD which
is considered a masterpiece of the early glass industry. This work became famous for its
dichroic effect that depends on the angle of the light shining on it; the cup appears red
in transmitted light and green in reflected light. The effect arises from nanoparticulate
gold–silver–copper alloys which are dispersed in the glass matrix of the cup.[98] Since the
late 1600s, purple colloidal gold has been prepared on a large scale and applied in the
decoration of factory-made ceramics and glassware. Today the purple decoration and its
shades of pink to maroon are known as the Purple of Cassius.[99] In 1857, Faraday reduced
Au3+ to Au0 under controlled reaction conditions and related the colour of the ruby-red
gold solution to the minute size of the gold particles.[100] After the turn of the 20th century,
25
researchers became very active in metal colloid science. In 1908, Mie solved Maxwell’s
equation for the interaction of electromagnetic radiation with small, spherical metal
particles.[101] In 1926, the Nobel Prize was awarded to Zsigmondy, Perrin and Svedberg
for their fundamental work on colloids.[102,103] Today, scientists still perform fundamental
studies on colloidal gold and investigate size- and shape-controlled gold nanostructures
especially for plasmonic, catalytic and biomedical applications.[104–107]
1.1.3.2 Optical properties of gold nanoparticles
The optical properties of AuNPs arise from LSPR which depends on the size, shape and
dielectric function of the particle and the refractive index of the surrounding medium.[108]
This phenomenon is a result of the interaction of the electric field of light with the NP
which is accompanied by the absorption of energy in the form of a photon by the particles
(Figure 1.16). The gain in energy induces a dipole to the particle by collectively separating
free conduction electrons (dense electron cloud) from the positively charged metal core.
The separation of the electrons is confined to the boundaries of the metal particle due to
the attractive forces of the positive core. The separating and restoring of the electron
cloud results in an oscillation that is also called the plasmon of a NP. The oscillation
resonates with optical frequencies and becomes visible by a selective LSPR band in the
visible and the near-infrared (NIR) region of the absorbance spectrum of light.[96,109,110] In
simple terms, the dense electron cloud can be seen as animated fans in a stadium who
constantly perform a Mexican Wave. The steady performance creates a wave which travels
continuously through the spectators. In case of the electrons, the collective oscillation is
permanent and results in non-fading, distinctive colours. In the case of spherical 20 nm-
AuNPs, the LSPR occurs at approximately 520–525 nm, which translates to a ruby red.[111]
In general, gold nanospheres with 10–50 nm in diameter absorb light at 520–540 nm and
produce red suspensions and coatings. The molar extinction coefficient of such AuNPs is
3.5× 106 − 6× 109 M-1 cm-1,[112] which is approximately 2–5 orders of magnitude higher
than those of conventional dyestuffs.[113]∗
Figures 1.17 and 1.18 illustrate the optical properties of spherical AuNPs as a function
∗This comparison is debatable as AuNPs consist of thousands to hundreds of thousands of atoms and the
dye molecule has only a few dozen or hundred atoms.
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Figure 1.16: Schematic illustration of LSPR of a metal NP. (A) Electromagnetic field of light.
(B) LSPR occurs when the free conduction electrons of the NP interact with the electric field
of the incident light of a suitable frequency. This induces a dipole by collectively separating
the electrons from the positively charged metal core. This steady process of separation and
restoring within the boundaries of the metal NP causes an oscillation of the separated, localised
electrons (electron cloud). (C) The oscillation of the surface electrons resonates with optical
frequencies of light in the visible region and creates colours but interestingly, not golden.
of their diameters. With respect to a 20 nm-AuNPs with λmax at 520–525 nm, smaller
particles (10 nm) have a blue-shifted LSPR band and bigger particles (30–100 nm) have a
red-shifted band. Therefore, spherical AuNPs exhibit colours between red, pink, purple
and lilac.
Figure 1.17: Absorbance as a function of
the size of spherical AuNPs. The larger the
particle diameter the more red-shifted and
broader the LSPR band. Reproduced from
ref. [114]. © 2012 nanoComposix.
Figure 1.18: Colour as a function of the
size of spherical AuNPs. The larger the par-
ticle diameter the more blue is the colloid.
Credit: Aleksandar Kondinski. © 2009-
2014 Free-Photos.biz.
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The LSPR frequency that is associated with a plasmonic NP depends not only on the size
of the particle but also on the dielectric functions of the metal and the surrounding medium.
It is possible to predict the absorption spectra of colloidal nanospheres of 10–50 nm where
the extinction cross section Cext of a spherical AuNP is defined as
Cext = Csca + Cabs (1.5)
with Csca as the scattering cross section and Cabs as the absorbing cross section.[115] For
the particular size window of 10–50 nm it is considered that the smaller the particle the
more absorption dominates the absorption and the bigger the particle the more scattering
influences the absorption. Equation (1.6) expresses the analytical function of the extinction
cross section Cext of a nanosphere according to Mie theory.[115]
Cext =
24pi2R33/2m
λ
2
(1 + 2m)2 + 2
(1.6)
Cext extinction cross section of a nanosphere (10–50 nm)
m dielectric constant of the medium surrounding the nanosphere
1 real part of the complex dielectric function  of the NP material
2 imaginary part of the complex dielectric function  of the NP material
λ wavelength of the incident light
R radius of the nanosphere
As explained earlier, the visible absorption spectra of metal nanospheres are a function
of their effective radii when the shape and surrounding medium are kept constant. The
optical properties of AuNPs smaller than approximately 10 nm and larger than 50 nm
are dominated by surface effects other than LSPR. Table 1.1 summarises the effects that
dominate the origin of peaks in a visible absorption spectrum as a function of the AuNP
diameter and the colour observed by the eye.
Although the colours of spherical AuNPs are attractive, a larger variety of colours is
achieved by using anisotropic AuNP shapes. Anisotropic particles, such as rods, ‘dog-
bones’, plates, triangles, cubes and branched structures possess a transverse as well as a
longitudinal axis that interact with the electric field of the incident light. Both interactions
resonate with optical frequencies and occur as two separated LSPR bands. Figure 1.19
illustrates schematically the optical properties of gold nanorods (AuNRs). The transverse
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Table 1.1: Dominant effects in the visible absorption spectra and the colours of spherical
AuNPs as a function of the particle diameter. Data from ref. [115].
Particle diameter/nm Dominant effect Observed colour
< 3 Quantum-size effect —
3–10 Scattering from free surface
electrons
brown
10–50 LSPR (i.e. absorption) red
> 50 Particle scattering that weakens
the intensity of the LSPR band
purple–lilac
LSPR band is essentially stationary and is located at approximately 520–525 nm (similar
to that for spheres). The longitudinal band occurs at a distinct higher wavelength and is
tunable from 600–1100 nm by manipulating the length-to-width ratio (aspect ratio) of
a particle. The control over shape and absolute dimensions of nanostructures requires
sophisticated methods that usually involve growth-directing agents. This is discussed in
detail in Section 1.1.3.3.
Figure 1.19: Schematic illustration of transverse and longitudinal LSPR bands of AuNRs.
(A) Interaction of electric field of light with electrons along transverse AuNR axis. (B) Ab-
sorbance spectrum that shows the transverse and longitudinal LSPR band. (C) Interaction of
electric field of light with electrons along longitudinal AuNR axis.
AuNRs of precise shape, dimension and aspect ratio can exhibit a range of colours
(Figure 1.20). As shown in the 3D graph in Figure 1.21, the particle geometry dictates the
observed colour of the colloidal AuNPs. While isotropic structures cover the red tones,
blue tones are observed for anisotropic structures for which LSPR bands are located in
the visible region of the absorbance spectrum.
However, precisely synthesised particle shapes are not always responsible for a longitudinal
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The flanks of the experimental rods are believed to be coat-
ed with a bilayer of hexadecyltrimethylammoniumbromide
(CTAB),[25] which has a significantly higher refractive index
than water. This will red-shift the longitudinal resonance. How-
ever, we will first calculate the extinction spectra of the rodlike
shapes surrounded by water, returning later to the effect of the
CTAB sheath.
Red-shifting of the longitudinal plasmon resonance as the as-
pect ratio of the rods increases, calculated in this case using the
traditional ellipsoidal model, is shown in Figure 3a for particles
of equal volume, and in Figure 3b for an ellipsoidal particle of
fixed aspect ratio but variable volume. It can be seen that, al-
though the aspect ratio exerts a dominating influence on the
wavelength of maximum extinction, an increase in volume also
causes a red-shift. Most of this is due to the increased scattering
that occurs as particle volumes increase. In Figure 3c we ex-
plore the effect of varying the basic shape from ellipsoidal to
right cylindrical while fixing the aspect ratio and volume to that
of a hemispherically capped cylinder with L= 45.6 nm and
D1 = 22.5 nm. The strong effect that particle shape has on the
extinction spectra, even at fixed aspect ratio and volume, is a
surprising result. Evidently, maximum development of the
longitudinal plasmon resonance would be achieved in a right
cylinder, while an ellipsoid is the least effective shape.
In Figure 3d and e we explore the range of shapes that can
be produced by inflating or deflating the ends of the rods, while
maintaining rotational symmetry and keeping L and D1 at 45.6
and 22.5 nm, respectively. It is evident that when L and D1 are
2172 www.afm-journal.de © 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2006, 16, 2170–2176
(a) (b)
(c) (d)
(e) (f)
Figure 3. Calculated influences of geometry on the optical properties of gold nanorods. a) Different aspect ratios but equal volumes, with an effective ra-
dius a0 = 20 nm in each case. b) Equal aspect ratios of 3.0, but different effective radii (volume). c) Prolate ellipsoid, hemispherical-capped cylinder,
and right cylinder compared at L/D1 = 2.03 and equal volumes corresponding to a0 = 20 nm. d) Transition from cylinder to phi shape at L= 45.6 nm and
D1 = 22.5 nm. e) Transition from cylinder to dumbbell at L= 38 nm and D1 = 16 nm. f) Transition from cylinder to dog bone at L= 45.6 nm and
D1 = 22.5 nm.
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Figure 1.20: Calculated influence of the
AuNR geometry on the optical properties.
The AuNPs have aspect ratios of 1–4 and
equal volumes with an effective radius of
20 nm each. Reproduced with permission
from ref. [116]. © 2006 Wiley-VCH.
Figure 1.21: Simulated colour gamut of
AuNRs.[116] Figure courtesy of M. B. Cortie,
University of Technology, Sydney.
LSPR band. Figure 1.22 schematically illustrates that agglomerates and aggregates of
spherical AuNPs can mimic a longitudinal band. When attractive van der Waals forces
associate particles so closely that they share their free conduction electrons, then they
interact with light like a single, anisotropic particle. Depending on the arrangement of the
agglomerated particles, the absorbance spectrum implies the presence of particles with a
significantly larger mean diameter or even nanorods.[117,118] Agglomerated AuNPs often
exhibit ‘dirty grey’ hues.
Other routes for AuNPs with tunable LSPR modes are the synthesis of core-shell NPs,
nanocages, and branched nanostructures.[108] Core-shell particles consist of two different
materials; for example, a gold shell that was grown onto the surface of a silica particle.
Th colour of the colloid directly relat s to th ratio of shell thickness-to-core diameter
and is manipulated during the growth process. The absorbance spectrum shows two
characteristic LSPR bands whereas the band at longer wavelengths is in direct relation to
the shell thickness. The spectrum shows similarities to that of AuNRs (Figure 1.20).[119]
During the course of the current research, it was found that the selected synthesis methods
for core–shell particles were not reproducible and hence, were not further investigated.
The general synthesis approaches for AuNPs and AuNRs are described below.
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Figure 1.22: Schematic illustration of the
LSPR shift as a function of the aggregation
rate. Dispersed AuNPs exhibit a single, dis-
tinct LSPR band. Agglomerated or aggre-
gated AuNPs that overcame a minimum in-
terparticle distance share their free conduc-
tion electrons and exhibit LSPR band shift
and broadening. The absorbance spectrum
looks similar to that of AuNRs with trans-
verse and longitudinal LSPR bands.[118]
1.1.3.3 Synthesis of gold nanoparticles
In the research presented here, AuNPs are synthesised in aqueous solution by the wet-
chemical reduction of Au3+ to Au0. The syntheses are carried out using a Au3+ precursor
that is stable under acid conditions as a yellow–orange complex of HAuCl4· 3H2O or
AuCl–4, respectively. Strong reductants, such as NaBH4, reduce Au3+ directly to Au0
whereas weak reductants, such as ascorbic acid, produce the intermediate Au+.[120] The
crystal structure of a AuNP evolves through a series of steps that involve the (1) reduction
of the precursor, (2) formation of gold atoms that gather into nuclei, (3) the growth of
the nuclei into seeds, and (4) the final nanocrystal. The growth of the nanocrystal occurs
through the addition of gold atoms from the solution onto the surface of the NP, and/or
through direct agglomeration of nuclei, seeds and small crystals into larger objects. The
growth is completed once an equilibrium state of gold atoms in solution and on the crystal
surface is reached.[121] Truncated octahedral shapes (or Wulff polyhedra) enclosed by a
mix of {111} and {100} planes exhibit minimal total interfacial free energy and hence, are
thermodynamically most favoured. Kinetic control over the precursor reduction, based
on the slow reduction of the precursor or an oxidation process that is coupled to the
reduction, results in nanocrystals of sizes and shapes with higher free surface energies.
Substantial shape dictation is obtained by selective capping agents, or ligands, that simply
can be excess reducing agent, byproducts of the redox process, and/or agents that were
added on purpose. A capping agent preferentially binds to facets of a NP with high free
surface energy, which results in the passivation of these facets (Figure 1.23).[122] The facets
without passivation are accessible for further metal atom deposition and elongation. The
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polarity and solubility of the capping agent also determine the solubility of the NP, which
is based on the cationic, anionic or neutral nature of the ligand. Furthermore, the capping
agent provides the NP with electrostatic, steric or a combined electrosteric stabilisation
against particle agglomeration.[117,121,123]
Figure 1.23: Schematic illustra-
tion of ligands adsorbed onto the
{111} planes of a truncated octahedral
nanocrystal.[122] The head group of the
ligand binds to the gold surface and
the tail interacts with the surrounding
medium. The polarity and solubility
of the ligand determine the chemical
properties of the NP.
Using a Au3+ precursor salt allows for the synthesis of a wide variety of isotropic and
anisotropic particle shapes (Figure 1.24). The growth of the initial nuclei results in seeds
whose crystalline structure determine the final architecture and properties depending on
the chemical control over the growth process. Single crystalline seeds represent perfectly
symmetric isotropic∗ shapes that can advance towards polyhedra, cuboctahedra, cubes,
octagonal rods or bars. Singly twinned seeds result in right bipyramids and beams. Multiply
twinned seeds form either decahedra and pentagonal rods or icosahedra. Plate-like seeds
with stacking faults lead to hexagonal or triangular plates.[124] In the research presented
in this thesis, the most common structures synthesised and discussed are nanospheres
(AuNPs with spherical, spheroidal, quasi-spherical particle shapes), and nanorods.
Gold nanospheres
The spherical particle shape is the most common shape in the world of AuNPs because
it has the lowest free surface energy and is in thermodynamical equilibrium. Over the
last 150 years, a myriad of solution-based methods for the synthesis of colloidal gold
nanospheres has been developed and optimised, and a selection of those is provided in
Table 1.2.
AuNPs stabilised by thiol compounds were the subject of various fundamental studies
∗Here, the terms isotropic and anisotropic are solely used to refer to the optical properties of NPs.
Anisotropy of NPs is discussed in ref. [125].
32
Figure 1.24: Schematic illustration of isotropic and anisotropic NPs of noble metals. The
formation conditions drive the growth rate, shape and size of the crystals. Reproduced with
permission from ref. [124]. © 2011 Sajanlal et al.
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Table 1.2: Selection of methods for the synthesis of red colloidal AuNPs.
Reference Reductant Mean particle size/nm
Averitt et al.[126] Na2S 6–8
Aslam et al.[127] Oleylamine 9–14
Bethell et al.[128] NaBH4/alkanethiol 1–3
Bircumshaw[129] Formaldehyde —
Gribnau[130] N2H4 —
Huang et al.[131] Chitosan < 10
Kimling et al.[132] Ascorbic acid 20–30
Mayya et al.[133] NaBH4/cysteine < 20
Raveendran et al.[134] Glucose and starch 6–10
Sivaraman et al.[135] Tannic acid 2–10
Turkevich et al.[136] Trisodium citrate 10–50
Qi et al.[137] Sucrose 10–17
in the past due to their extraordinaryly strong sulfur–gold interaction.[128,138,139] The
AuNPs reported in previous studies were smaller than 5 nm which is too small for intense
LSPR (Table 1.1) and hence, of minor interest to the current research. The synthesis of
thiol-stabilised AuNPs with an intense LSPR band at approximately 530 nm is described
in Section 6.2.1.
For the work here, the synthesis of (1) nanogold produced by reduction and stabilisation
with trisodium citrate (AuTSC), (2) nanogold produced by reduction and stabilisation with
tannic acid (AuTA), (3) nanogold produced by reduction and stabilisation with oleylamine
(AuOLA), and (4) nanogold produced by reduction and stabilisation with chitosan (AuCHT)
is essential. The respective synthetic methods are discussed below.
Nanogold produced by reduction and stabilisation with trisodium citrate
Trisodium citrate (TSC) (Figure 1.25) is the salt of citric acid and produces aqueous
colloids of nanogold produced by reduction and stabilisation with trisodium citrate (AuTSC)
and reduces Au3+ to Au0 within 5–30 min at the boil. Excess TSC and byproducts of the
oxidation (acetone dicarboxylic acid, acetone) simultaneously adsorb onto the gold surface
and stabilise the particle with a negative surface charge.[140] The as-synthesised AuNPs
are spherical with a mean diameter of approximately 20 nm. The colour of the colloid
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is deep wine red and the LSPR band is located at 520–525 nm. This method is widely
known as the Turkevich method.[132,136,141]
The Turkevich method has been thoroughly investigated and advanced over the last
60 years. Optimisation has resulted in good control over the particle size distribution
with particle sizes up to 200 nm.[142,143] In order to improve the stability of AuTSC colloids,
AuNPs are stabilised with water-soluble polymers, such as poly(methacrylic acid) (PMA)
or polyvinylpyrrolidone (PVP), which bind through hydrogen bonds to the NP surface.[144]
The polymer layer on the NP surface changes the local dielectric environment of a AuNP
which results in a slight LSPR redshift of 3–10 nm depending on the coverage and thickness
of the polymer layer.[145]
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Figure 1.25: Chemical structure of TSC (Na3C6H5O7).
Nanogold produced by reduction and stabilisation with tannic acid
Tannic acid (TA) (Figure 1.26) belongs to the family of tannins that are found in many
food plants.[146] It is a stronger reducing agent than TSC. Nanogold produced by reduction
and stabilisation with tannic acid (AuTA) is synthesised within a few minutes at RT or
at the boil.[135,147] The AuNPs are red and have a distinctive LSPR band at 525–530 nm.
The redox reaction involves the oxidation of the phenolic hydroxy group to keto groups
and the release of two electrons per phenol ring for the reduction of Au3+ to Au0.[148] TA
is also used as additional stabiliser for AuTSC particles.[149] As a natural anti-oxidant, the
phenol moieties of TA are prone to oxidation, which results in undesired browning.
Nanogold produced by reduction and stabilisation with oleylamine
Oleylamine (OLA) is a cationic surfactant with an amino head group and an alkene tail
(Figure 1.27). It is soluble in a variety of organic solvents (e.g. ethanol and chloroform),
corrosive, and melts at 18–26 ◦C.[150] The substance is inexpensive and commercially
available in technical grade (70%). OLA has been reported to produce NPs of Fe, Co, Ni,
Pd, Pt, Ag, Cu, Au of high efficiency, monodispersity, stability, shape control, and on a
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Figure 1.26: Chemical structure
of TA (C76H52O46).
large scale.[151] Nanogold produced by reduction and stabilisation with oleylamine (AuOLA)
is synthesised in a one-pot synthesis at elevated temperature within a few hours.[127] The
spherical NPs have mean diameters between 6–20 nm, are intensely red and exhibit a
strong LSPR band at approximately 530 nm.[152,153] The surface of AuOLA particles can be
modified via exchange of OLA on the gold surface with e.g. carboxylic acid terminated
alkane thiols.[153,154]
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Figure 1.27: Chemical structure of OLA (C18H37N, (9Z )-9-octadecen-1-amine).
Nanogold produced by reduction and stabilisation with chitosan
CHT is a polysaccharide with amino side groups the number of which depends on the
degree of deacetylation (Figure 1.7, page 15).[155] It is a hydrophilic biopolymer that is
produced from waste products in the shellfish industry. It is soluble in dilute acid (acetic
acid), biocompatible and anti-microbial.[58] CHT is a relatively weak reducing agent and
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produces AuNPs at elevated temperature[156] or in the presence of NaBH4.[157] The 10–
50 nm AuNPs are red with an LSPR band at approximately 520–530 nm.[158] The AuCHT
particles possess a positive net surface charge and are used in biomedical applications
due to their excellent pH stability and stability in solutions with high ionic strength.[159]
Derivates of CHT are used in the synthesis of AuNPs as well because they are versatile
and demonstrate enhanced properties.[160–162]
The factor colloidal AuNP systems discussed above have in common is that they exhibit a
red colour. Other colours, such as blue, are exhibited by AuNRs and other anisotropic
shapes.
Gold nanorods
AuNRs are typically synthesised with a seed-mediated approach that uses two pots.[163,164]
Pot 1 contains small Au0 seeds that were produced by the reduction of Au3+ with NaBH4
and stabilised by TSC or cetyltrimethylammonium bromide (CTAB). Pot 2 contains a
saturated solution of CTAB and Au+ ions that were produced by the reduction of Au3+
with ascorbic acid. The seeds from pot 1 are then combined with the Au+ ions which
deposit onto the surface of the seeds and grow them predominantly along their longitudinal
axes.[165] This process is significantly promoted by halide ions.[166,167] The supply of Au+
ions controls the aspect ratio. The longitudinal growth is controlled by the CTAB which is
most important in this seed-mediated synthesis approach.[165,168] It is a cationic surfactant
with an quaternary ammonium head group and an alkane tail and that forms micelles
in water. It also binds with AuCl–4 and AuCl–2.[169] The CTAB head groups coordinate
to the {100} and {110} facets of the Au0 seeds and passivate those. The deposition of
Au+ ions then occurs only parallel to the {111} facets (Figure 1.28).[170] Advances in
this methodology demonstrate that AuNRs can be produced in high yield[171] and aspect
ratio,[172] with CTAB substitutes,[173–175] and in one pot.[176] The fine-tuning of the optical
properties is an art that produces almost all colours of the rainbow.[177] However, challenges
remain numerous and are addressed in Section 3.2.2 and elsewhere.[107,178–182]
Other anisotropic shapes of gold nanoparticles
Other shapes of AuNPs with tunable LSPR modes are, e.g. nanoprism,[183] nanostars,[184]
hexagons,[185] cubes,[171] and branched nanocrystals.[186] Multi-branched AuNPs are synthe-
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Figure 1.28: Growth of Au0 seed into a AuNR. The CTAB passivates the direction of {100}
and {110} facets of the polyhedral seed. This results in growth of the AuNP along the
longitudinal axis. Reproduced with permission from ref. [170]. © 2014 Elsevier.
sised in aqueous medium with H2O2 and bis(p-sulfonatophenyl)phenylphosphine (BSPP)
(Figure 1.29). While H2O2 reduces Au3+ to Au0, BSPP appears to direct the growth of
the seed along the tips. The tunable dimension of the tips dictates the optical properties
of the single-crystalline AuNPs.[187] The BSPP provides electrosteric stabilisation to the
AuNPs and is used as a phase-transfer agent.[188]
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Figure 1.29: Chemical structure of BSPP
(C18H13K2O6PS2· 2H2O).
1.1.3.4 Surface modification of gold nanoparticles
The high value of gold is associated with its chemical inertness that prevents it from
unaesthetic oxidation. This also means that gold is inert towards deliberate chemical
reactions. Nanoscopic gold possesses limited chemical reactivity whereas some of it arises
from the chemical and physical properties of the ligands that are bound to the gold surface.
The surface chemistry of AuNPs is tailored, for instance, through adsorption of specific
capping agents.[105] The adsorption occurs either during the synthesis process or during a
ligand exchange reaction in a subsequent step.[189,190] Ligand exchange is based on the partial
or complete displacement of the capping agent by another species that shows a higher affinity
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to the surface of the AuNP than the original capping agent.[191] The exchange of capping
agents with carboxyl-functionalised alkanethiols with different chain lengths is of particular
interest for the work here. The ligand exchange induces a change in the local dielectric
environment of the AuNP that results in a redshift of the LSPR band of up to 16 nm.[192]
Bifunctional capping agents (e.g. 16-mercaptohexadecanoic acid (16-MHA)) provide a
strong gold–sulfur interaction and water-solubility, electrostatic stabilisation and chemistry
specific for carboxylic acids.[193] Thereby, further surface chemistry of the AuNP is enabled.
For instance, in bioanalytical applications, carboxyl-functionalised particles are coupled
with amine-containing substances to produce bioconjugated particles.[194] A common route
to perform such bioconjugation is an N -(3-dimethylaminopropyl)-N′-ethylcarbodiimide
(EDC)/N -hydroxysuccinimide (NHS) mediated coupling reaction (Figure 1.30).[195] EDC is
a water-soluble, zero-length crosslinker that activates carboxylic moieties for spontaneous
amide bonding with primary amines.[196] NHS is used in combination with EDC to improve
the efficiency of the coupling reaction by converting the carboxylic groups to amine-reactive
NHS esters.[197] The coupling reaction is performed at RT at approximately pH 5.5.[198]
However, the optimisation of concentration and reaction time in the presence of colloidal
gold is critical.[199]
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Figure 1.30: Schematic illustration of the EDC/NHS mediated coupling of a carboxyl-
functionalised AuNP with a primary amine. Data from ref. [197].
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1.1.3.5 Why has nanogold been chosen for the research here?
As discussed above, the synthesis and chemistry of AuNPs can be complex. Nevertheless,
there are a number of reasons why nanogold is being used in the current research to colour
wool:
(1) The many colours of nanogold can
be systematically varied.
(2) The colours of nanogold are per-
manent (unless the particle size
and/or shape change).
(3) The extinction coefficient of
nanogold is 102–105 times larger
than that of conventional reactive
dyes.
(4) The surface chemistry of nanogold
can be accurately modified and cus-
tomised.
(5) Unlike many other NPs, nanogold
is chemically stable under atmo-
spheric conditions and is immune
to corrosion in physiological envi-
ronment.
(6) It adds value to merino wools that
is highly desired by consumers of
luxurious textiles and a key factor
for marketing nanogold–wool com-
posites.
Figure 1.31: Gold in the glamorous luxury
industry. Sourced from ref. [200].
The following section reviews NP-containing composite materials that have been previously
reported. The focus is on nanogold–wool composites that are the main objective of this
thesis.
41
1.1.4 Nanocomposites
Composites comprising metal NPs and glass, porcelain, gum arabicum or gelatin have
been known and investigated for over a hundred years.[201] It was known by the early
chemists that the unusual colour effects of composite materials originated from the gold
component, although, the chemical and structural composition was debated until the
development of the ultramicroscope.[202] Since then, nanogold has been knowingly applied
to produce nanocomposites. In the 1940s, for instance, nanogold–skin composites were
produced by staining keratinous skin cells with AuNPs.[203] The staining technique uses
Au3+ to impregnate the cells where it is reduced to AuNPs by the amino acids of skin.
The nanogold–skin composite is pink, deep red, reddish purple or purplish black where the
different colours represent different structural components of the skin. Based on the theory
of the optical properties of AuNPs (Section 1.1.3.2), the deep red regions were probably
stained by individual spherical particles whereas the purplish black regions contained large
agglomerates. In the 1950s, nanogold–wool composites were produced by a gold staining
technique.[204] The distribution, colour and colour intensity of the AuNPs showed that
the gold deposition in the fibre was asymmetric, which helped to elucidate the bilateral
structure of wool fibres (Section 1.1.1.2). In the 1970s, the staining technique was then
commonly used to produce a variety of metal–wool composites in order to study the
histology of wool with electron microscopy.[27] The gold staining technique was a simple
tool to study the histology of the substrate to which the AuNPs were attached. The
nanocomposites were not applied for any specific purpose because they were not considered
of value or function. In more recent years, the focus of studying nanocomposites has turned
from the substrate- to the NP-component and its unusual physicochemical properties. It
has been realised that nanocomposites possess new or enhanced properties which exploit
the natural synergy between the components. In the last decade, nanocomposites have
been developed for application in the textile, paper and energy industries.
1.1.4.1 Examples of nanocomposites
The term nanocomposite is used in a broad sense. Nanocomposites can be produced using
a chemical reaction to synthesise NPs in the presence of a matrix or substrate, which can
include a variety of materials.[201,205] Nanocomposites also can consist of a substrate and
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Figure 1.32: Purple nanocomposites consisting of wool and AuNPs. Reproduced with
permission from ref. [8]. © 2011 Johnston and Lucas.
pre-synthesised NPs which have been deposited onto the substrate in a separate work step.
Nanocomposites have attracted substantial interest from the textile and fashion industries.
In the last years, common textile fibres have been coloured with noble metal NPs that
exhibit intense, tunable colours due to their plasmonic LSPR (Section 1.1.3.2).
Previously, the research group of Prof. J. H. Johnston at Victoria University of Wellington
has successfully utilised wool as a matrix material to produce nanogold–wool composites.[8]
The nanogold–wool composites exhibit different colours depending on the particle size,
including deep purple (Figure 1.32), which are associated with the LSPR properties of
AuNPs. According to the proposed reaction mechanism, Au3+ adsorbs onto the wool fibre
surface, diffuses into the porous fibre and clusters in the vicinity of the disulfide bonds in
the cystine amino acids of the wool fibre. Subsequently, the Au3+ is reduced to Au0 and
the resulting AuNPs then attach to the wool fibre. The porous nature and affinity of gold
for sulfur were used to control the size of the AuNPs and to chemically bind them to the
surface and within the wool fibre matrix. The nanocomposites have excellent light, colour
and rub fastness as a result of the strong gold–sulfur linkage between AuNP and wool.
The production process is being progressed for commercialisation.[8]
In early 2011, the colouration of wool fabrics with anisotropic silver nanoparticles (AgNPs)
of different colours was reported.[206] The colloidal AgNPs of different sizes and shapes
were synthesised by the reduction of Ag+ to Ag0 with TSC (Figure 1.25, page 35) and
in the presence of PVP and H2O2. The AgNPs had a negative surface charge and were
blue (nanoprisms), red (thin nanodiscs) and yellow (thick nanodiscs). The production of
the nanosilver–wool composites utilised electrostatic interaction at pH 4 and at 40 ◦C.
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The LSPR properties of the AgNPs on the wool were essentially identical to those of the
colloidal AgNPs (Figure 1.33). However, AgNPs are not stable to UV light and change
their colours over time.
silver NPs was evaluated. This is the first time that anisotropic sil-
ver NPs have been used to functionalize wool fibers.
2. Experimental section
2.1. Materials
AgNO3 (>99%), trisodium citrate (P99.0%), sodium borohydride
(>98%), sodium chloride (>99%), acetic acid (P99 %), polyvinylpyr-
rolidone (PVP) (Mw = 40,000 g mol1) and hydrogen peroxide
Fig. 1. (a) Digital photograph and (b) extinction spectra of the obtained silver NP solutions with different colors (blue, red and yellow). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
Table 1
Colors, shapes, sizes and LSPR properties of nanoprism I, nanodisks I and II.
Samples Color LSPR band (nm)a Shape Size
Length (nm)b Thickness (nm)
Nanoprism I Blue 718 Prism 48.8 ± 3.5 5.2 ± 0.8
Nanodisk I Red 496 Disk 15.7 ± 2.2 6.1 ± 0.5
Nanodisk II Yellow 422 Disk 22.1 ± 3.1 14.0 ± 1.2
a The maximum extinction peak.
b Edge length for prism, diameter for disk.
Fig. 2. Photos of the silver NP solution with the wool fabrics (a) before and (b) after the coloration. (c) Extinction spectra of the silver NP solution before and after colorating.
Fig. 3. Photos of the wool fabrics colorated by different silver NPs: (a) nanoprism I, (b) nanodisk I, and (c) nanodisk II.
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Figure 1.33: Nanosilver-wool fabric com-
posites produced with blue, red and yellow
AgNPs. Reproduced with permission from
ref. [206]. © 2011 Elsevier.
Figure 1.34: Nanosilver–wool fibre com-
posites produced with yellow AgNPs. Re-
produced with permission from ref. [9].
© 2011 American Chemical Society.
Also in 2011, Kelly and Johnston[9] from the research group of Prof. J. H. Johnston at
Victoria University of Wellington reported the colouration of merino wool fibres and fabrics
with yellow AuNPs (Figure 1.34). The AgNPs were produced by the reduction of Ag+
to Ag0 with TSC directly onto the wool fibre surface. The TSC simultaneously acts as
capping agent for the NPs and as a AgNP–wool linker. The nanosilver–wool composites
are coloured in hues of yellow/orange, red/brown and brown/black depending on particle
size. The coloured fibres and fabrics are anti-microbial and anti-static. The technology is
being progressed towards commercialisation for the application in fabric seating upholstery
and carpets.[9]
In 2013, the colouration of cotton and silk fabrics with AuNRs of different colours was
reported.[207] The optical properties of AuNRs originate from two LSPR bands and can be
precisely engineered by tailoring the longitudinal band (Section 1.1.3.2). This approach
resulted in AuNR–cotton fabric and AuNR–silk fabric composites that were brownish red,
green and purplish red (Figure 1.35). The electrostatic AuNR–fabric interaction provided
the AuNR–cotton composites with commercially acceptable wash fastness whereas the
AuNR–silk composites failed the requirements. Furthermore, the AuNRs provided the
composites with very good UV protection and anti-bacterial properties.∗
The range of nanocomposites comprising NPs is not limited to textile fibres as the matrix
∗From the author of this thesis: The anti-bacterial properties possibly originate from the cytotoxic CTAB
that is present in the composite as capping agent of the AuNRs.
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uncoated fabrics are white. Aer the adsorption of the
Au nanorods, the reectance values for all the fabrics drop
below 50% over the entire visible range. Moreover, two dips
are clearly observable on the reectance spectra of the fabrics
coated with Au nanorod samples 2–6. The overall drop in the
reectance value is ascribed to the increased absorption and
scattering caused by the adsorbed Au nanorods. The two dips
result from the plasmon resonances, where the absorption and
scattering of the Au nanorods are greatly enhanced. For the
fabrics coated with Au nanorod samples 1 and 7, only one dip is
seen to be located at 510–530 nm. As mentioned above, Au
nanorod sample 7 is nearly spherical and has only one plasmon
resonance mode. The longitudinal plasmon resonance wave-
length of Au nanorod sample 1 is 839 nm, which is in the near-
infrared region and cannot be detected.
The shorter- and longer-wavelength reectance dips
observed on the coated fabrics arise from the transverse and
longitudinal plasmon resonances of the adsorbed Au nano-
rods, respectively. The longer-wavelength dip blue-shis
systematically as the longitudinal plasmon resonance wave-
length of the Au nanorods becomes shorter. This systematic
blue shi conrms again the capability of plasmonic Au
nanorods to function as colouring agents for fabrics. The
shorter-wavelength dips are located at 510–530 nm for all the
coated fabrics, which is attributed to the fact that the trans-
verse plasmon resonance wavelength of Au nanorods is nearly
insensitive to the aspect ratio.3,5,22,23 In addition, the longer-
wavelength dips observed on the reectance spectra are
generally slightly blue-shied relative to those for the nano-
rods dispersed in aqueous solutions. As discussed above, this
difference arises from the reduction in the refractive index of
the surrounding medium when the Au nanorods are adsorbed
on the fabrics.
The colorimetric values of the uncoated and coated fabrics
are plotted in Fig. 3C and D and listed in Table 2, where L*
denotes lightness, positive and negative a* values stand for the
redness and greenness attributes, positive and negative b*
values represent the yellowness and blueness attributes,
respectively. The colour of the uncoated cotton fabric is white,
with a comparatively high brightness L* value and nearly zero a*
and b* values. The colour of the uncoated silk fabric is also close
to white. Its b* value is 3.05, indicating that it is slightly
yellowish. The slightly yellowish colour has been ascribed to the
cross-sectional shape of silk bers.31 All the coated fabrics have
considerably lower L* values than the uncoated fabrics. Positive
a* and b* values are obtained for the fabrics coated with Au
nanorod sample 1, which are consistent with their brownish red
colours. The fabrics coated with Au nanorod samples 2–4
appear in greenish and bluish colours. Their a* and b* values are
therefore negative. Positive a* and negative b* values are found
for the fabrics coated with Au nanorod samples 5–7, which are
in agreement with their bluish and purplish colours. The
colours of the coated fabrics vary over a relatively broad range,
which arises from the synthetic tailorability of the longitudinal
plasmon resonance wavelengths of Au nanorods in the visible
region.
Fig. 4 Photographs of the cotton (upper row) and silk (lower row) before and
after the laundering and dry cleaning tests. (A, D) Washing with detergent. (B, E)
Washing without detergent. (C, F) Dry cleaning.
Table 2 Colorimetric values for the uncoated and Au nanorod-coated cotton
and silk fabrics
Au nanorod
sample
Cotton Silk
L* a* b* L* a* b*
Uncoated 84.48 0.02 0.21 92.73 0.10 3.05
1 58.93 3.54 2.68 58.99 6.31 6.73
2 51.73 3.22 0.90 57.47 4.46 0.40
3 51.09 5.07 3.50 53.30 6.67 5.08
4 53.97 3.20 5.67 54.93 4.40 6.95
5 58.60 1.40 6.01 59.31 1.45 6.36
6 53.92 2.79 6.57 61.75 7.19 4.70
7 68.28 6.22 2.48 65.73 11.53 1.47
Table 3 Fastness properties of the Au nanorod-coated cotton and silk fabrics
Cotton Silk
Washing with
detergent
Washing without
detergent Dry washing
Washing with
detergent
Washing without
detergent Dry washing
DL* 5.17 0.52 3.83 8.51 0.30 2.21
DE 5.23 0.67 3.86 11.05 3.20 3.36
Fastness value 3.50 4.00 3.50 2.00 2.50 2.50
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Figure 1.35: AuNR–silk fabric composite
before and after laundering and dry clean-
ing tests. (D) Washing with detergent.
(E) Wash ng without det rgent. (F) Dry
cleaning. Reproduced with permission from
ref. [207]. © 2013 Royal Society of Chem-
istry.
material. For example, both vegetable and bacterial cellulose were used as substrates in the
production of nanocomposites comprising NPs of Au and Ag.[208,209] Such violet and grey
nanogol –cellulose omposites may find a plication in security paper production, while
nanosilver–cellulose composites with antibacterial activity may be used for biomedical
applications.
For over 15 years now, synthetic polymers, such as polyethylene (PE) and polyvinylalcohol
(PVA), have been functionalised with metal NPs. The nanoparticle–polymer composites
are produced by solvent-evaporation,[201] extrusion,[201] electrospinning,[210] or emulsion
polymerisation.[211] Flexible nanosilver–PE composites appear yellow or red depending
on the polarisation direction of the incident light. This makes them a potential colour
filter to enhanc the brightn ss and energy efficiency of light-emitting diodes (LE s).[212]
Composites comprising PVA and AuNRs with tuneable dimensions are also envisaged for
the fabrication of thin film optical filters.[213]
The two examples of nanocomposites above (Figures 1.33 and 1.35) were produced by
linking pre-synthesised plasmonic NPs to a substrate where the binding was associated
with electrostatic interactions. This type of bond is relatively weak and offers opportunity
for improving the overall fastness. Strong covalent bonds are achieved through chemical
reaction under controlled synthetic conditions, such as the direct attachment of carboxyl-
functionalised microparticles (MPs) and amine-containing wool through an amide bond.[70]
The reaction was assisted by EDC/NHS, which supports amide bond formation under mild
reaction conditions (Section 1.1.3.4). The MP–wool composite showed moderate wash
fastness in solvent and poor laundering performance. Additionally, the covalent attachment
of a reactive chemical entity to the wool surface after removal of the 18-MEA layer was
investigated. This method provided a proof-of-principle for durable nanocomposites with
wool as a substrate.[70] Both methods appear to be elegant approaches for the production
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of more wash fast nanocomposites that deserve further investigation.
The discussion of the biocompatibility of nanocomposites coloured with NPs is beyond
the scope of this thesis.
1.2 Research objectives
The objectives of this research are to
(1) develop and optimise wet-chemical synthesis methods for spherical AuNPs,
(2) extend the colour range of spherical AuNPs through other shapes, including
• nanorods of accurate length-to-width ratio, and
• other anisotropic particles,
(3) understand and control the agglomeration of AuNPs and the effects of this on their
colours,
(4) attach AuNPs to wool through electrostatic and covalent binding, and elucidate the
mechanism of attachment and agglomeration,
(5) understand the surface chemistry of wool, including the effects of the net surface
charge on the uptake of AuNPs as a function of pH,
(6) identify the nature of the AuNP–wool interaction as a function of the AuNP capping
agent, and
(7) improve the wash fastness of the nanogold–wool composite by enhancing the chemical
AuNP–wool binding through
• a specifically designed, reactive AuNP–wool linkage moiety, and
• peptide coupling chemistry.
These objectives will extend the knowledge about the underlying principles that govern the
formation of nanogold–wool composites. The knowledge gained will be beneficial for the
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large-scale application of AuNPs for wool colouration which is investigated in the research
group of Prof. J. H. Johnston. In the long term, the new knowledge will contribute to
raise the demand of New Zealand wool and improve the profitability of the New Zealand
wool sector.
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Chapter 2
Methodology
The following experimental details present the chemicals, materials, and characterisation
techniques used in this research. If not otherwise stated, the reactions were carried out at
room temperature (RT) which refers to the laboratory’s ambient temperature fluctuating
between 17 and 23 ◦C.
2.1 Materials
Commercially available chemicals and materials for synthesis as well as characterisation
purposes are described in Table A.1 and, if not otherwise stated, were used as received.
Solvents were of analytical grade.
Cariaggi merino wool with a mean fibre diameter of 16 µm was supplied by New Zealand
Merino Ltd via Cariaggi, Italy. Pettinata merino wool with a mean fibre diameter of
17.5 µm was sourced from Pettinatura Lane di Romagnano Sesia S.p.A., Italy. Ashford
merino wool of a 22 micron fibre was from Ashford Handicrafts Ltd, Oamaru, New Zealand.
Crossbred wool (strong wool, coarse fibre) of 38–39 µm average diameter were scoured
and supplied by Hawkes Bay Woolscourers Ltd, New Zealand. Crossbred wool fibres
were brushed with a common hairbrush to remove matted and contaminated parts, rinsed
in warm tap water for about 2–3 min and patted dry between paper towels. Yarns of
crossbred wool (38–39 micron) and fine (20.5 micron) merino fibres were supplied by
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Tararua Yarns Ltd, Levin, New Zealand.
2.1.1 Syntheses of chemicals
2.1.1.1 Synthesis of HAuCl4
An aqueous Au3+ metal salt solution was prepared in-house from bulk gold by Dr Kerstin
Lucas. Briefly, 1 g of gold metal was dissolved in 100 mL freshly prepared aqua regia
(Section 2.1.2) and left unsealed overnight in a fume hood. Excess HNO3 was removed by
adding cautiously 4 g urea. Resulting CO2 was removed by gentle stirring and heating
on a hotplate at 70–80 ◦C.∗ When CO2 release had stopped, excess HCl was distilled off
until a concentrated Au3+ precursor solution of about 20 mL was obtained. The source
material was cooled to RT, transferred into a volumetric flask and diluted with distilled
water to the required concentration. The final gold concentration was determined with
atomic absorption spectroscopy (AAS) as described in Section 2.4.1.†
2.1.1.2 Synthesis of N,N′-cystinebisacrylamide (CiBA)
The reductant and stabiliser CiBA is not commercially available and therefore, CiBA was
synthesised in-house following a previously published method.[214] The reaction was carried
out under nitrogen atmosphere in a round bottom glass flask sealed off with septa. NaOH
pellets (0.337 g) were transferred into the round bottom flask and dissolved in 12–13 mL
dry methanol with vigorous stirring and gentle heating. L-cystine (0.50 g) was added
to the methanolic NaOH solution and dissolved as well as possible. The suspension was
cooled with an ice-bath and within 8 min, 0.4 mL acryloyl chloride was injected drop-wise
through the septum. The mixture was stirred for 10 min and then cooled in an ice-bath.
Within 5 min a white precipitate formed. The reaction was left at RT for 70 min before
the precipitate was removed via centrifugation at 700 RCF for 30 min. The supernatant
was discarded. The centrifuge tube containing a pellet of white, fine CiBA powder was
left open overnight to remove volatile substances, such as ethyl acetate. The CiBA was
∗Caution: Mixture tends to foam over.
†Caution: Only use plastic and glass ware since gold plates other metals.
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then dried under vacuum and transferred into storage vials. The reaction of L-cystine
with acryloyl chloride to form CiBA is summarised in Figure 2.1.
SSNH
OH
O
NH
OH
O
O OCl
O
NaOH
methanol
SSNH2
OH
O
NH2
OH
O
Figure 2.1: Synthesis of CiBA from L-cystine and acryloyl chloride.
The white powder dissolves readily in water resulting in a slightly basic pH. The CiBA
product was analysed by 1H NMR spectroscopy (Figure A.1, page 212). The spectrum
matched previously reported data. According to 1H NMR analysis, the batch contained
approximately 80% CiBA and 20% impurities (e.g. unreacted L-cystine and methanol).
2.1.2 Preparation of stock solutions
Aqua regia
Aqua regia was freshly prepared by combining concentrated HCl (37%) with concentrated
HNO3 (70%) in a ratio of 3:1 in a fume cupboard.∗ The powerful etchant was used
to dissolve gold metal and to rinse all glassware in order to avoid premature AuNP
agglomeration/aggregation. Additional information can be found in the literature.[215,216]
HAuCl4 stock solutions
A stock solution of HAuCl4 was supplied by Dr Kerstin Lucas as described above.
HAuCl4· 3H2O salt was purchased from Aldrich. Stock solutions of the desired Au3+
concentrations were prepared by diluting HAuCl4 solution or dissolving HAuCl4· 3H2O
salt in distilled water. To obtain optimal HAuCl4 reactivity, the pH of Au3+ stock solu-
tions was adjusted with HCl to 2.4–2.5.[135] Stock solutions were stored in plastic or glass
∗Caution: The solution turns from light yellow to intensely red within a few hours, effervesces violently and
is highly corrosive but loses is potency over time with progressive loss of chlorine and nitrosyl chloride.
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Table 2.1: Typical HAuCl4 stock solutions of various Au3+ concentrations in distilled water.
Concentration/wt% Approximate c/10-3 mol L-1
0.010 0.5
0.125 6
0.150 7
0.164 10
containers in the dark. Typical HAuCl4 stock solutions with the Au3+ concentrations are
summarisied in Table 2.1.
Cetyltrimethylammonium bromide (CTAB) stock solutions
A supersaturated 0.2 M stock solution of CTAB in water was produced by transferring
7.29 g CTAB powder into a 100 mL volumetric flask. Without causing the CTAB to
foam, gradually 50–60 mL distilled water was added. The mixture was carefully swirled
and gently ultrasonicated. The flask was warmed at 40–50 ◦C overnight. Upon complete
dissolution of CTAB, the solution was diluted to 100 mL and stored at 40–50 ◦C until use.
NaBH4 stock solutions
A 10 mM NaBH4 solution was prepared by transferring 10 mg of crystalline NaBH4 into a
25 mL volumetric flask and making up to the mark with distilled water or absolute ethanol
at RT. Solutions were kept on ice before use. The NaBH4 solution was prepared freshly
when older than 15–30 min due to progressive decomposition. It was found that there
was no significant advantage or disadvantage of using ethanol in place of H2O. Generally,
NaBH4 powder was stored under an argon atmosphere in a tightly sealed container in a
dry atmosphere.∗
Tannic acid (TA) stock solutions
An aqueous 1 wt% solution of TA was produced by placing 0.1 g light brown TA powder in
a 30 mL plastic container and carefully dispersed in 9.9 mL distilled water. The dispersion
was sonicated for about 20 min or until the TA had dissolved completely. The very light
brown TA stock solution was stored in the dark for up to two weeks.
∗Desiccator.
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2.2 Colouration approach of nanogold–wool composites
Nanogold–wool composites colouration approaches were generally based on the following
work steps: (1) nanogold syntheses, (2) wool pretreatment prior to colouration, (3) produc-
tion of nanogold–wool composites by immobilising AuNPs on the surfaces of wool fibres,
and (4) hand washing procedures of nanogold–wool composites to evaluate the durability
of the AuNP–wool interaction.
(1) Nanogold syntheses
Details of optimised syntheses for previously reported colloidal AuNPs are described
in Chapters 3 and 4. In general, nanogold was synthesised by reducing Au3+ to Au0
in the presence of a reducing agent and/or a reaction promoter (i.e. heat, chemical
reagent) in an aqueous medium. The colloidal AuNPs were stabilised by use of
excess reducing agent, oxidation products of the reducing agent and/or an additional
stabilising agent. Red AuNPs were produced by reduction and stabilisation with
TSC, TA, OLA or CHT. Purple AuNPs were synthesised with N2H4 and CHT
or with H2O2 and BSPP. Blue AuNPs were achieved through anisotropic particle
shapes, such as AuNRs and branched AuNPs. Details of newly developed methods
for synthesising pink nanogold using Na2S2O5 or CiBA as well as blue nanogold
using CHT are described in Sections 4.1 to 4.3.
(2) Wool pretreatment
Generally, wool fibres were conditioned in distilled water or buffer solutions prior to
use (Chapter 5). For ZP measurements, wool fibres were soaked in salt solutions
(Section 2.4.9). To improve the interaction between hydrophobic wool surface
and AuNPs, the outer layer of 18-MEA on the wool surface was removed with
hydroxylamine.[70] To enhance the reactivity of the wool surface, fibres were bleached
with H2O2 at pH 9.[62]
(3) Production of nanogold–wool composites
Nanogold–wool composites were prepared by immobilising pre-synthesised AuNPs on
the surface of untreated or pretreated wool fibres using physical or chemical attraction
(Chapter 5). Experimental details of the development of new methodologies to
covalently link nanogold to wool surfaces are found in Chapter 6.
(4) Hand washing of nanogold–wool composites
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To evaluate the fixation of immobilised AuNPs on the wool surface, coloured nanogold–
wool composites were hand washed with tap water or with detergent solution at
room temperature (RT). A 1% w/v detergent solution was prepared by dissolving 1 g
commercial detergent for wool (Kindness) in 99 mL distilled water. Nanogold–wool
composites of 1 g were immersed in 100 mL tap water or detergent solution (1% w/v)
and agitated for 2–5 min at RT. Nanogold–wool composites of approximately 15 mg
were immersed in 5 mL detergent solution (1% w/v) and agitated on a shaker table
at 20–25 rpm at RT for 45 min.
The experimental details and results are presented in Chapters 3 to 6.
2.3 Preparation of nanogold for characterisation
As-synthesised nanogold colloids are often too dilute or too contaminated with excess
and/or unbound reagents to yield conclusive analytical data from TEM, Fourier transform
infrared spectroscopy (FT-IR), 13C NMR and 1H NMR spectroscopy. To improve the
quality of the analytical data, colloidal AuNPs were washed and concentrated using at
least one of the techniques described below.
2.3.1 Washing and concentrating of AuNPs by centrifugation
Washing of AuNPs involved repeated cycles of centrifugation and redispersal in an ap-
propriate solvent. The colloid was centrifuged until a dark pellet of AuNPs formed.
The supernatant containing excess compounds was discarded and the AuNP pellet was
redispersed in 1–2 mL distilled water, organic solvent or a mixture of polar/non-polar
solvents depending on the solubility of the compounds that were to be removed from the
colloidal system. Details of this process and the accompanying difficulties are to be found
in Section 3.2.2.
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2.3.2 Solvent extraction to remove excess/unbound oleylamine from colloids
Excess OLA was removed from the AuOLA colloids via solvent extraction. Portions (20 mL)
of AuOLA colloid (see Section 3.1.3) were transferred into 50 mL disposable centrifuge
tubes with screw caps and diluted with approximately 20 mL n-hexane. The tube was
carefully rolled between the flat palms of the hands creating as large a water/n-hexane
interface as possible to allow OLA to transfer from the aqeuous phase into the organic
phase. After 1 min, the organic phase was removed with a Pasteur pipette. The n-hexane
extraction was repeated twice. The process was aborted if spontaneous phase transfer of
AuNPs from the water into the n-hexane phase occurred. The organic phase was discarded.
Any remaining n-hexane was removed by gentle heating overnight. The resulting AuOLA
mixture was deep red and wax-like. The sample was no longer soluble in water but in
organic solvent, such as ethanol or chloroform.
2.3.3 Vivaspin® centrifugal extraction to remove excess/unbound oleylamine
from colloids
Commerically available Vivaspin® centrifugal concentrators were used to ‘dialyse’ 20 mL
colloidal AuNPs over a few hours. Colloidal AuNPs were transferred into a concentrator
and spun at 3,000 RCF at 20 ◦C for several hours until approximately 5 mL colloid
remained. The colourless supernatant was discarded. The colloid was gently mixed with
approximately 1 mL ethanol–water solution (80:20 v/v) and centrifuged at 3,000 RCF at
20 ◦C until approximately 3 mL AuOLA remained. This spin–wash cycle was repeated twice.
The stable, bright red approximately 2 mL sample was transferred with minimal amounts
of distilled water into a 50 mL centrifuge tube. Excess distilled water was evaporated
at approximately 40 ◦C. Vivaspin® concentrators with adhered AuNPs were discarded.
The dried AuNPs were transferred with minimal CHCl3 into a glass vial. Excess solvent
was evaporated resulting in an almost black AuOLA powder. Vivaspin® concentration is
less labour intensive than solvent extraction and takes about one third of the time than
diffusion controlled dialysis. However, the containers are expensive and able to be used
once only due to adhering AuNPs to the membrane.
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2.3.4 Concentration of AuOLA by rotary evaporation
Rotary evaporation was used to remove excess solvent from the AuNPs colloids after
solvent extraction. Small portions (< 50 mL) of colloidal AuNPs were transferred into
a 1 L round-bottom flask and carefully concentrated under vacuum to near dryness at
40–50 ◦C.∗
2.4 Characterisation techniques
Various techniques were employed to characterise the optical, chemical and surface proper-
ties of nanogold, wool as well as nanogold–wool composites.
2.4.1 Atomic absorption spectroscopy (AAS)
AAS measurements of Au3+ solutions were performed using a GBC 906AA spectrometer
with a flame burner at a wavelength of 242.8 nm (Au). The instrument was calibrated
with five standards containing 3 to 14 mg L-1 Au3+ metal salt. Solutions were filtered prior
to measurement to remove fibrous contamination. Samples were diluted with distilled
water to produce concentrations within the calibrated range.
2.4.2 ColorQuest spectrophotometry
The optical properties of nanogold–wool composites were characterised using a Hunterlab
ColorQuest spectrophotometer with an integrated sphere. Visible reflectance spectra were
recorded with a spatial resolution of 10 nm. The colour properties are characterised
by their L*, a* and b* colour space values as defined by the CIELAB scale.[217] The
L* value expresses the lightness or darkness of a colour and ranges from 0 (perfectly
black) to 100 (perfectly white). The a* value describes the red (+a) and green (−a) tones.
The tone differences ΔL*, Δa* and Δb*, and the total colour difference ΔE* are given in
∗Caution: Oleylamine foams violently.
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Equations (2.1) to (2.4). The relationship between colours and the colour space values is
illustrated in Figure 2.2.
∆L∗ = L∗after washing − L∗before washing (2.1)
∆a∗ = a∗after washing − a∗before washing (2.2)
∆b∗ = b∗after washing − b∗before washing (2.3)
∆E∗ =
√
(∆L∗)2 + (∆a∗)2 + (∆b∗)2 (2.4)
Figure 2.2: The Hunter L, a, b colour
chart illustrates the relationship between
colours and the colour space values L, a and
b based on the Opponent-Colour Theory.
The CIELAB colour space values L*, a* and
b* measure more yellows than blues and
dark colours. Figure courtesy of Hunterlab
Inc.
40 mm
bottom top
Figure 2.3: A three-part sample holder
for ColorQuest measurements for 1 g loose
wool according to NZS 8707:1984.[218]
The colour measurements of wool were performed according to New Zealand Standard
NZS 8707:1984.[218] The specifically constructed three-piece sample holder is shown in
Figure 2.3. The glass is approximately 1 mm thick and 40 mm in diameter. The sample
holder is assembled by inserting the glass slide into the top, followed by placing 1 g loose
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wool sample against the glass. The plastic bottom presses the wool against the glass,
mimicking a flawless wool surface. The cavity to enclose the sample is approximately
6.3 cm3.
2.4.3 Fourier transform infrared spectroscopy (FT-IR)
FT-IR spectra of liquid and solid samples were collected with a Bruker Tensor 27 spectrom-
eter using an attenuated total reflectance (ATR) diamond crystal from Pike Technologies.
The background was corrected for air and each samples was scanned eight times between
600 and 4,000 cm-1 with a spectral resolution of 4 cm-1.
Solid samples, such as dry AuNP, were placed onto the ATR crystal and pressed against
the crystal’s surface with a high-pressure clamp. Liquid samples were drop cast onto the
ATR crystal utilising a stainless steel trough disk with a Teflon ring. AuOLA was dispersed
in acetone and drop cast onto the ATR crystal. Acetone was evaporated before spectra of
the thin AuOLA film were recorded.
2.4.4 Nuclear magnetic resonance spectroscopy (NMR)
NMR spectroscopy was performed to analyse the surface chemistry of AuOLA and AuCiBA
particles, and the structure of CiBA. The measurements were carried out on a Varian
VNMRS-600 600 MHz spectrometer operated at 20 ◦C.
Analysis of AuOLA
1H NMR and 13C NMR spectra of AuOLA particles and free OLA in CDCl3. For 1H NMR,
a relaxation delay of 2 s at a pulse angle of 90 degrees as well as an acquisition time of
3.408 s were used. 13C NMR spectra were acquired with a relaxation delay of 0.01 s at a
pulse angle of 45 degrees and an acquisition time of 1.730 s.
Quantification of excess, unbound OLA after AuOLA synthesis
The quantitative analysis of excess, unbound OLA after AuOLA synthesis with 1H NMR
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was performed with assistance from Dr Jonathan Singh. Prior to NMR acquisition, excess
OLA was extracted from the colloid with chloroform (Section 2.3.2) and concentrated by
evaporating chloroform with gentle heating. The concentrated sample was mixed with
20 µL of a CH3NO2 solution in CDCl3 of known concentration (0.371 mol L-1). The
recorded spectra were analysed by (1) integrating the peak area of a characteristic OLA
peak whose coupling could be clearly determined, (2) determining the average number of
protons per total integrated peak areas, (3) normalising the determined peak area to 1,
and (4) relating the peak areas of OLA (sample) and CH3NO2 (standard). The peak areas
correspond directly to analyte concentrations. The more characteristic the OLA peaks
that are chosen, the more accurate the result becomes.
Analysis of colloidal AuCiBA and CiBA
1H NMR spectra of AuCiBA particles and free CiBA in D2O were recorded using a relaxation
delay of 2 s, a 90 degrees pulse angle and an acquisition time of 3.408 s.
2.4.5 Scanning electron microscopy (SEM)
SEM images of nanogold on wool fibre surfaces were acquired under high vacuum with
a JEOL 6500 F field emission gun SEM or a JEOL JSM-6610 LA analytical SEM. The
probe current was 15 kV and the working distance was 9–10 mm. Single, trimmed wool
fibres of less than 3 mm length were placed on carbon tape and attached to an aluminium
stub and coated with 7–9 nm carbon with a Quorum Q150T E turbo-pumped high-vacuum
carbon coater. Elemental analysis was performed using the build-in EDS unit operating
in Backscatter Mode.
2.4.6 Transmission electron microscopy (TEM)
TEM images were acquired on a JEOL 2010 electron microscope with an integrated EDS
detector and operating at 200 keV. Samples were drop cast onto 400 mesh ProSciTech
copper grids with formvar and heavy carbon coating. Particle size measurements were
performed with ImageJ 1.46r software.
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Drop casting of AuNPs onto TEM grids was performed as follows:
(1) To improve the image quality, the colloids were cleaned as described in Section 2.3.1.
(2) To achieve micrographs with a representative AuNP population, several dilutions
of each sample were prepared. Dilute colloids were concentrated by evaporation
by gentle heating or rotary evaporation (Section 2.3). Highly concentrated AuNP
colloids were diluted with a suitable solvent such as distilled water, methanol or
ethanol.
(3) After placing 2–3 µL of colloid onto the grid, wet grids were either air-dried or covered
with a 5 mL glass vial to slowly evaporate the liquid as displayed in Figure 3.28.[173]
(4) To remove organic substances, dry sample grids were plasma treated with a JEOL
EC-52000IC ion cleaner for 10 min at 302–303 V (where specified).
2.4.7 Visible absorption spectroscopy
Visible absorption spectra of solutions were recorded with an Agilent 8453 spectrophotome-
ter. The disposable plastic cuvettes were made of poly(methyl methacrylate) (PMMA)
or polystyrene (PS) and had a path length of 1 cm. If not otherwise stated data were
background corrected against distilled water.
2.4.8 X-ray photoelectron spectroscopy (XPS)
XPS analyses were carried out at the University of Auckland with assistance of Dr Colin
Doyle from the Faculty of Engineering. The Axis Ultra system from Kratos Analytical
Ltd, UK, was equipped with a charge neutraliser and a monochromatic aluminium X-ray
source (Al Kα, hν = 1486.6 eV) operating at 10 mA and 15 kV under vacuum. Survey
spectra were recorded from 0 to 1,500 eV with a pass energy of 160 eV while narrow scans
were performed with a pass energy of 20 eV. The sampled area was about 700× 300 µm.
Data analysis was performed with the CasaXPS software, version 2.3.13. Sample data
were calibrated to the C–C 1s peak at a binding energy of Eb = 285.0 eV.
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Wool samples were loaded onto a specifically designed sample holders as shown in Figure 2.4.
The sample holder is made of stainless steel and plastic and was thoroughly cleaned before
use. The wool fibres were attached with sticky carbon tape on the steel bar in dense
bundles. Colloidal AuNPs were drop cast on the stainless steel bar. Powdered samples
were loaded onto double-sided sticky carbon tape attached to the stainless steel bar.
Figure 2.4: X-ray photoelectron spectroscopy (XPS) sample preparation. Pink and lilac
nanogold–wool composites were attached with sticky, conductive carbon tape onto a metal
substrate. The carbon tape was covered with aluminium foil to avoid a ‘false’ carbon signal.
2.4.9 Zeta potential (ZP) analysis
The dynamic light scattering (DLS) technique was used to determine the ZP (surface charge)
of AuNPs and wool fibres. The measurements were performed with a Zetasizer Nano
ZS from Malvern Instruments. Experimental parameters for materials and dispersants
were set for 25 ◦C as described in Table 2.2. Samples were run 100–150 times using the
Smoluchowski Model for aqueous solutions and the analysis model Auto Mode or General
Purpose.
The ZP was determined as a function of the pH by acid–base titration (ZP titration).
The pH of a sample was adjusted by adding small amounts of dilute NaOH or HCl with
an integrated autotitrator unit. Colloidal nanogold was analysed in disposable, folded
capillary cells. Prior to ZP titrations, wool was processed into a fine ‘powder’ by manually
grinding approximately 0.05 g wool fibres with liquid nitrogen in a mortar. The powder-like
wool was sifted through a sieve with a mesh size of 100 µm and subsequently conditioned in
distilled water or 0.2 M aqueous NaCl or KCl solutions for at least 12 h. The conditioned
wool ‘powder’ was analysed in disposable, folded capillary cells. Vigorous stirring and
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Table 2.2: Settings for ZP measurements.
Refractive
index
Absorption Viscosity/cP
Colloidal gold[219] 0.200 3.320 n/a
Wool ‘powder’ 1.333 1.000 n/a
Water 1.333 n/a 0.8872
NaCl solution (0.2 mol L−1 in H2O)a 1.332 n/a 0.9067
KCl solution (0.2 mol L−1 in H2O)a 1.332 n/a 0.8849
a Parameters were calculated with the Complex Solvent Manager – a software tool of
the Zetasizer Nano ZS instrument.
frequent movement of the wool dispersion in the tubes were employed. Tubes and narrow
passages were regularly examined for possible blockage by wool fibres.
2.4.10 Zeta particle size (ZS) analysis
The DLS technique was also used to measure the zeta particle size (ZS) (hydrodynamic
radius) of colloidal particles. The measurements were performed with the same instru-
ment described in Section 2.4.9 using a 4 mW He-Ne laser at a wavelength of 633 nm.
Backscattered laser light was detected at an angle of 173◦. The samples were filtered with
a 0.22 µm syringe filter and analysed in a disposable PMMA cuvette with a path length of
1 cm. Each sample was run 11 times for 10 s at 25 ◦C and processed in General Purpose
mode if not otherwise stated.
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Chapter 3
Nanogold synthesis I:
Optimisation of previously reported gold col-
loids for the production of nanogold–wool com-
posites
This work reproduced red, purple and blue nanogold to gain fundamental understanding
of the properties of nanogold to evaluate the potential of nanogold for wool colouration.
The syntheses are based on the reduction of gold metal salt, in the presence of stabilisers
and growth-directing agents, or on seed-mediated approaches. Figure 3.1 shows pink, red,
purple, lilac, blue, turquoise, and brown nanogold replicated in this study.
Figure 3.1: Photo of colourful nanogold colloids.
The properties of these nanogold systems were studied using visible absorption spectroscopy,
TEM, ZS, ZP, FT-IR, XPS as well as 1H NMR and 13C NMR. The results were compared
to those previously documented.
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3.1 Red nanogold
Red is the most common colour of AuNPs and originates from spherical AuNPs whose
diameters range from 10–50 nm. TSC, TA, OLA and CHT are well known reagents to
yield red AuNPs. In this work, colloidal AuTSC, AuTA, AuOLA and AuCHT particles were
synthesised and studied for their use as wool colourants.
3.1.1 Nanogold produced by reduction and stabilisation with trisodium citrate
(AuTSC)
AuTSC particles were synthesised by methods similar to those reported previously by
reducing Au3+ with TSC in distilled water at elevated temperatures.[136,143] The red
colloids were characterised by visible absorption spectroscopy, TEM and DLS technique.
3.1.1.1 Synthesis
The experimental details are summarised in Table 3.1. Generally, an aqueous HAuCl4
solution was mixed with distilled water. The mixture was brought to 90 or 100 ◦C and
maintained at this temperature. An aqueous TSC solution was added. The solution colour
changed from colourless to blue indicating particle nucleation. Upon heating the colour
turned gradually from blue to red indicating AuNP formation. After 30 min the gold
colloid was brought to RT and characterised.
Syntheses at 100 ◦C were performed in a setup consisting of a round-bottom flask, reflux
condenser and heating mantle. Syntheses at 90 ◦C were carried out in a temperature-
controlled water bath that holds up to 20 containers of 100 mL each. TSC solutions
were no older than two weeks. The colloidal AuTSC particles were characterised by visible
absorption spectroscopy, TEM, EDS, ZP and ZS measurements.
3.1.1.2 Results and discussion
64
Table 3.1: Synthesis details for red AuTSC colloids.
Method A B C D
H2O/mL 58.5 0 0 65
HAuCl4 stock solution/mL 0.960 20 50 0.015
[Au3+] in HAuCl4/10-3 mol L-1 6 0.5 0.5 152
TSC stock solution/µL 800 800 175 30
[TSC]/mol L-1 0.03 0.04 0.50 0.19
Reaction temperature/◦C 100 100 100 90
Reaction time/min 34 30 18 30
Molar TSC:Au3+ ratio 4.2 10 3.5 2.5
Data obtained in previous studies,[132,136,143,220] using reaction temperatures of 90–100 ◦C
indicated that TSC produced ruby-red colloidal gold. According to Frens,[143] the mean
particle sizes were tunable between 15 and 150 nm depending on the TSC concentration
used. In the current study, AuTSC was obtained by employing a method based on the
Turkevich method.[136] The AuTSC colloids were produced at reaction temperatures of
90 and 100 ◦C and at various TSC:Au3+ ratios.∗ Figure 3.2 shows the optical properties
of a representative AuTSC colloid synthesised according to method B (Table 3.1).
As shown, the AuTSC particles exhibit an LSPR band at λmax = 525 nm which is associated
with the bright red colour. This is consistent with results reported by Turkevich et al.[136]
and indicates that the particles are mainly of spherical shape with a mean diameter of
approximately 20–25 nm.[111]
Table 3.2 summarises λmax and pH values for the colloids A–D obtained by methods A–D.
As can be seen, the results were very similar. The LSPR bands range from 519 to 523 nm,
which is in agreement with the bright red colour observed. The pH values of the colloids
were slightly acidic and differed by no more than 0.9 units depending on the concentrations
of HAuCl4 and TSC employed.
A colloid synthesised according to method D was characterised by TEM and EDS. The EDS
spectrum (Figure 3.3) confirmed that the NPs were of gold. The sample also contained
carbon and copper from the TEM grid, chlorine from the HAuCl4 precursor, and calcium,
chromium and iron as impurities of unknown origin. The TEM image of Figure 3.4a shows
∗The ideal stoichiometric TSC:Au3+ ratio is 3:2.
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(a) Bright red AuTSC.
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(b) Visible spectrum of AuTSC in
Figure 3.2a.
Figure 3.2: Optical properties of AuTSC according to method B in Table 3.1.
Table 3.2: Absorbance maxima and pH values for AuTSC colloids corresponding to Table 3.1.
Colloid A B C D
λmax/nm 519 521 523 523
pH measured 6.2 5.6 5.8 5.3
spheroidal AuNPs with a size distribution of about 15–60 nm. This result is in good
agreement with that by Frens shown in Figure 3.4b.[143] Comparing the two TEM images,
it can be seen, that the method of Frens produced more monodisperse AuNPs than the
method used in the current work. This finding indicates that small differences in the
reaction conditions influenced the size distribution of the two AuTSC samples compared
here. However, the optical properties of both samples are in good agreement. This finding
suggests that the AuTSC system is fairly robust and that, within limitations, the particle
size distribution has no significant influence on the optical properties of the colloids.
CCu Au Ca Cr Fe Cu Au
Figure 3.3: EDS spectrum of AuTSC cor-
responding to Figure 3.4a. The elements
detected are gold (AuNPs), carbon and cop-
per from the TEM grid, chlorine from the
HAuCl4 precursor, and calcium, chromium
and iron as impurities.
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20 nm
59 nm
(a) Polydisperse AuTSC particles of approx-
imately 15–60 nm. Synthesised at 90 ◦C as
described in method D.
0.1 µm
(b) Monodisperse AuTSC particles by Frens
with a mean particle size of 41 nm. Synthe-
sised at 100 ◦C. Reproduced with permission
from ref. [143]. © 1973 Nature Publishing
Group.
Figure 3.4: TEM images of AuTSC.
To determine the ZP of AuTSC particles as a function of the pH, AuTSC colloids were
analysed using the DLS technique. Colloids were titrated with dilute HCl in small steps
over the pH range from 7 to 1 and the respective ZPs were determined (Figure 3.5).
It was found that the ZPs for AuTSC were negative. At pH 6–7, the ZP was −30 to
−50 mV indicating that the stability of AuTSC was based on electrostatic charge repulsion
of deprotonated TSC molecules on the surface of the AuNPs.[221] With increasing addition
of acid, the ZPs increased linearly due to the gradual protonation of the TSC, accompanied
by a reduction of the net charge. Through extrapolation of the ZP, it is estimated that
the isoelectric point (pI)∗ of AuTSC is at about pH 1–1.5. At this pH value, the colloidal
solutions were highly prone to collapse due to the lack of electrostatic stabilisation, which
was consistent with the colour change of the colloids from pink to lilac due to particle
agglomeration. Although Brewer et al.[221] reports that AuTSC is already destabilised
at pH 5, the colour of the colloids measured in the current study remained virtually
unchanged at pH 2–7. This indicates that TSC is able to prevent AuNP agglomeration
below ZPs of |30| mV due to some additional steric stabilisation.[222] Although this finding
concurs with results obtained elsewhere,[223] AuTSC colloids are prone to collapse at about
∗ZP = 0.
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Figure 3.5: ZPs of AuTSC as a function
of pH in the range between 1 and 7. The
ZPs of AuTSC are negative at pH 1–7. The
pI is at pH 1–1.5. As a rule of thumb, it
is widely assumed that colloidal systems
with a ZP below |30| mV are unstable.[222]
However, based on visual examination, the
AuTSC particles remained stable over the
pH range 2–7.
pH < 3 as often found during the course of the current work.
Even though Majzik et al.[224] conclude that the ZP of AuTSC gradually drops with increasing
Au3+ precursor concentration as well as increasing TSC:Au3+ ratio, this observation was
not confirmed here. Based on the chemical properties of TSC∗ and the assumption that only
traces of AuCl–4 are left in the colloid, it is more likely that the ZP of AuTSC predominantly
depends on the pH of the colloid (Figure 3.5). Nevertheless, the ZPs measured here
provide information about colloidal stability, and electrostatic attraction/repulsion between
electrically charged species as a function of pH. This information is particularly important
for wool colouration with AuTSC as discussed in Section 5.2.
Prior work has documented the effectiveness of TSC in reducing Au3+ to red nanogold
(when heated) and stabilising AuNPs against aggregation via electrostatic repulsion.
Brewer et al.,[221] for example, reports the stability of citrate-capped AuNPs in the pH
range between 5 and 12. However, the previous studies have not focused on the pH stability
of TSC at a lower pH range. The current study closes this gap by optimising the existing
methodologies to use AuTSC as a wool colourant at pH 2.7.
The work presented here found that the synthesis methods A–D reliably produced colloidal
AuNPs with nearly identical optical properties and considerable stability between pH 1.5
and 5. These findings extend those of Brewer et al.,[221] confirming that AuTSC is stable
at pH 2–5 and indicates that AuTSC might be a potential wool colourant under acidic
conditions. In addition, the earlier reported synthetic methods were further simplified by
using a one-step, one-pot approach and a temperature-controlled water bath that can hold
up to 20 batches of 100 mL containers. Therefore, this current work indicates that the
∗pKa = 3.14, 4.76, 6.40.[225]
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benefits gained from a new study of the well-known AuTSC system may help to understand
the formation mechanism of AuTSC–wool composites and the parameters that affect the
particle agglomeration on the wool surface (Chapter 5).
Most notably, to my knowledge this is the first systematic study of the pH dependent
stability of AuTSC to determine the pI. The results of the current study provide evidence
that TSC stabilises AuTSC effectively at pH 2.5–3.5, confirming that AuTSC may be a useful
wool colourant in this pH range. However, in this pH range, AuTSC tends to agglomeration
due to lowered charge repulsion. Attempts to enhance the pH stability of AuTSC with
common organic capping agents (e.g. PMA) resulted in only slight improvement. Therefore,
future work should include follow-up work designed to improve the steric stabilisation
of AuTSC with more bulky macromolecules, such as bovine serum albumin or one of its
derivates.
3.1.2 Nanogold produced by reduction and stabilisation with tannic acid
(AuTA)
The current investigation involved the synthesis of red AuNPs using TA as both a reducing
agent and a stabiliser at RT. TA was chosen because it provides better steric stabilisation
than TSC, in addition to charge repulsion, to prevent AuNPs from agglomeration. The
optimised synthesis of AuTA is described below.
3.1.2.1 Synthesis
Colloidal AuTA particles were synthesised similar to that reported by Gupta et al.[226]
In a typical synthesis, 60 mL distilled water was mixed with 150 µL of HAuCl4 solution
(0.164 wt% Au3+, in H2O, pH = 2.4). The mixture was vigorously stirred with a plastic
rod before and after 150 µL of TA solution (1 wt%, in H2O) was injected. The colour
changed from colourless to pink within 3–5 min. The colloid was left undisturbed at RT
for 1 h to complete the nanogold formation. Stock solutions of HAuCl4 and TA were
prepared as described in Section 2.1. Larger batches (1 L) of AuTA colloids are easily
achieved with the methodology described here but continuous stirring is recommended.
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The samples were characterised by visible absorption spectroscopy, TEM, EDS, ZS and
ZP measurements.
3.1.2.2 Results and discussion
Data obtained in previous studies[135,226] indicated that TA is a relatively strong reductant
at RT and an efficient stabiliser for AuNPs. According to Gupta et al.[226] the red AuTA
colloids were ‘quite’ stable for at least 5 months and contained particles of approximately
10 nm in size. In the current study, AuTA was synthesised using a method similar to that
of Gupta et al.[226] by mixing Au3+ precursor with TA and leaving the mixture at RT for
at least one hour.[135,226] Experimental results were compared with the literature and used
to evaluate the suitability of AuTA as a wool colourant.
Figure 3.6 shows the optical properties of AuTA. The colloid is bright pink at pH 2.7∗
(Figure 3.6a), which is consistent with the strong LSPR band at 526 nm (Figure 3.6b).
The position and the width of the LSPR band indicates the formation of spherical AuNPs.
It can also be seen that AuTA absorbs at wavelengths below 450 nm. This absorbance is
attributed to excess TA in the colloid as shown by the absorbance spectrum of a pure TA
solution. Although the molar ratio of TA:Au3+ of 7.8 was very high, the LSPR peak was
sharp and symmetric indicating well-dispersed AuTA particles. This result indicates an
improvement of the methods reported by Sivaraman et al. describing considerable particle
agglomeration for a TA:Au3+ molar ratio of 5 due to significant hydrogen bonding/bridging
between particles.[135]
To evaluate the reproducibility and stability of AuTA, 5 identical colloids were prepared and
their visible absorption spectra were recorded after 4.5 h and then after 7 days (data not
shown). On every occasion, the LSPR band maxima were at 527 ± 2 nm. This suggests
spheroidal particles, high reproducibility and colloidal stability as well as unchanged
particle sizes and shapes. These findings are in accordance with those of Gupta et al.[226]
However, over the course of a week, the peak intensified by 0.2–7.6% indicating slightly
increasing AuNP concentration due to continuing particle formation. This suggests that
the rate of particle formation is very high at the beginning and declines over time until
∗The colloid’s natural pH of 3.6 was adjusted with HCl to 2.7 as required for the colouration of wool via
electrostatic charge attraction.
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(a) Pink AuTA with corresponding visible
spectrum in Figure 3.6b.
0.0
0.1
0.2
0.3
400 500 600 700 800
Abs
orb
anc
e
Wavelength/nm
526
A
B
(b) Visible spectra of (A) AuTA at pH 2.7
and (B) TA solution (1 wt%, in H2O).
Figure 3.6: Optical properties of AuTA.
the AuTA system eventually reaches its thermodynamic equilibrium.
Figure 3.7 shows the results obtained using TEM and EDS. As can be seen in Figure 3.7a,
AuTA is slightly polydisperse and consists of mainly spheres and spheroids, and minor
numbers of triangles and cubes. This result agrees with that reported previously.[135,226]
EDS analysis (Figure 3.7b) confirmed the presence of gold (AuNPs), copper, and carbon,
and minor amounts of calcium and chromium. However, copper and carbon originate from
the TEM grid that the AuTA particles were placed on while calcium and chromium have
to be a trace contaminant of unknown origin. Figures 3.7c and 3.7d show high-resolution
TEM images of a ‘jelly bean’ and a truncated triangle. Both anisotropic shapes can cause
weak longitudinal LSPR or peak broadening when present in sufficient number. However,
as can be seen from visible spectrum (Figure 3.6b), the symmetric and monomodal LSPR
band very strongly suggests that the bulk colloid consists mainly of isotropic particles as
shown in Figure 3.8a.
The high-resolution TEM images of typical AuTA particles (Figure 3.8) show that, generally,
the spheres are smaller than 20 nm, polycrystalline and multiply twinned. This indicates
that the particles are of decahedral or icosahedral structures (Figure 1.24, page 33). These
findings are consistent with results obtained by Aswathy Aromal and Philip,[147] although,
their method synthesised AuTA at 100 ◦C rather than RT. This indicates that the size, size
distribution and shape of the AuTA particles is not a function of the reaction temperature.
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(a) Low-resolution image.
C Au Ca Cr Cu Au
(b) EDS spectrum.
11 nm16 nm
(c) ‘Jelly bean’ with aspect ratio of 1.5.
11 nm
12 nm
8 nm
(d) Truncated triangle.
Figure 3.7: TEM images and EDS spectrum of AuTA.
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Figure 3.8: TEM images of isotropic AuTA particles.
The particle size was also studied by the DLS technique. It is a simple and fast technique
to measure the hydrodynamic radii (ZS) of colloidal particles in a bulk solution and
very sensitive to the formation of particle agglomerates. The measured ZSs (z-averages)∗
were 101 nm (± 41–85 nm) after aging the colloids for 4.5 h and 140 nm (± 80–130 nm)
7 days later. The polydispersity indices (PdIs) of 5 identically prepared AuTA samples
were 0.3–0.5 indicating polydisperse to highly polydisperse samples. The ZS values are
approximately five to seven times higher than determined by TEM (Figure 3.7a). The
discrepancy between the ZSs and the particles sizes obtained by TEM indicates significant
particle agglomeration. However, the visible absorption spectrum (Figure 3.6b) shows
no evidence for this. Therefore, it is to be assumed that the large hydrodynamic radii
and PdIs measured are a result of (1) binding of a considerable number of excess TA
molecules to the AuTA particles, or (2) a small number of AuTA particles that are associated
through hydrogen bonding.[147] In any case, the findings strongly suggests that TA provides
steric stabilisation to the AuNPs. The findings also indicate that ZS data should not be
considered as stand-alone results rather than complementary data to those obtained by
the TEM and visible absorption spectroscopy.
To determine ZPs and pH stability of AuTA, ZP titrations were performed on a sample
that was aged for 21 days at RT. Figure 3.9 illustrates the measured ZPs as a function of
pH.
∗The z-average describes the mean value of the hydrodynamic diameter of spherical/spheroidal, monodis-
perse particles in a monomodal sample and is derived from the correlation function.[227]
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Figure 3.9: ZPs of AuTA as a function of
pH in the range between 1 and 11. The ZPs
of eight identically prepared AuTA colloids
are negative at pH 1–11. The pI is at pH 1.
As a rule of thumb, it is widely assumed
that colloidal systems with a ZP above
|30| mV are stable.[222]
As can be seen, the ZPs were negative and increased linearly from −70 ± 10 mV at pH 11
to zero at about pH 1. This strongly suggests that the pI is located at pH 1. These results
agree with those reported by Sivaraman et al.[135] for the pH range 3.2–7.1. The titration
started at approximately pH 3.8 explaining why this region had few data points. Although
colloidal particles with ZPs less than |30| mV are considered to be less stable, the system
investigated here unexpectedly had a good stability. This was evident from the red colour
of the samples observed at pH values close to 1. However, with increasing electrostatic
stabilisation at pH > 7 the optical properties of the colloidal AuTA significantly changed.
At pH 11, the LSPR band at 527 nm almost completely disappeared (Figure 3.10) which is
consistent with the colour change observed from bright red to ‘murky’-red. The absorption
was twice as strong at 400 nm than at lower pH when TA is less ionised. This indicates
that a substantial change in the immediate environment of a AuNP occurred. This may
be attributed to (1) increased hydrogen bonding between TA molecules linking the AuTA
particles,[147] (2) the formation of water-insoluble gold hydroxides, and (3) gold oxides at
high alkaline pHs.[228]
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Figure 3.10: Visible spectra of identically
prepared AuTA colloids at pH 3.5 (red) and
pH 11 (blue).
The automated titration to determine the ZPs as a function of pH (Figure 3.9) was based
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on the assumption that reaction equilibrium was attained without significant delay in the
reaction vessel, the tubing system and the measurement cell. However, the data point
variance at pH > 4 exceeds the variance for data points at pH ≤ 4 significantly. This
result is due to less frequent measurements at pH > 4 and indicates increased hydrogen
bonding between AuTA particles. Nevertheless, these results confirm that data obtained
using DLS to determine the ZP as a function of pH provide useful information for assessing
the stability of AuTA and for understanding the electrostatic interaction between AuTA
and wool fibre surfaces (Chapter 5).
Previous research has reported the syntheses of AuNPs by TA; Sivaraman et al.[135] and
Gupta et al.[226] reported an efficient one-pot method for AuTA at RT using only HAuCl4
and TA in distilled water. Although these groups provide comprehensive characterisation
and insights into AuTA formation, these studies did not considered in detail the pH-
dependent electrosteric stabilisation of AuTA. This current study builds on prior work by
testing the stability of AuTA in the pH range 1–11 and determining the corresponding ZPs.
It was found that at pH 2.5–11, AuTA was stable and negatively charged. These findings
extend those of Sivaraman et al.,[135] confirming that TA prevents individual AuNPs from
agglomeration below pH 3.2 and above pH 7. For AuTA to be used for wool colouration,
the stability of the colloid in the pH range between 2.5 to 3.2 is particularly significant
and is addressed in Chapter 5.
Most notably, this is the first study to my knowledge that collects comprehensive data on
pH stability and ZPs of AuTA as a function of pH, and extrapolates the pI of AuTA. The
current results provide evidence for stable AuTA at pH < 3.5, which makes it an attractive
candidate for wool colouration in the pH region below the IER of wool. Nonetheless, the
steric stabilisation is not robust enough to avoid agglomeration during wool colouration
(Chapter 5). Hence, other capping agents were investigated and are discussed below.
3.1.3 Nanogold produced by reduction and stabilisation with oleylamine
(AuOLA)
AuOLA was found to be brilliantly red, very stable, and a candidate for wool colouration
suitable for the pH region above the IER of wool. This section highlights the simplicity of a
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highly reproducible one-step, one-pot approach in aqueous medium and the characteristic
features of AuOLA.
3.1.3.1 Synthesis
AuOLA particles were synthesised using a modified published procedure.[152] The exper-
imental details are summarised in Table 3.3. Generally, solutions of HAuCl4 and OLA
were mixed with distilled water. This mixture was heated in a water bath at 80 ◦C for 3 h
to produce bright pink/red colloids.
Table 3.3: Synthesis details for red AuOLA colloids.
Method A B C
Distilled H2O/mL 5 55 550
HAuCl4 solution/mL 0.240 0.240 2.40
(0.125 wt% Au3+, in H2O, pH = 2.4)
OLA (1 mM, in ethanol)/mL 5 5 50
The pHs before heating ranged from 4.9 to 5.8 depending on the concentrations of acidic
HAuCl4 and basic OLA. The pHs after AuNP formation were decreased by 0.1–0.2 units.
In case excess OLA formed a thin fatty layer at the container walls after AuNP formation∗,
the colloid was placed in a fresh container and the stained container was discarded. The
colloids are stable under ambient conditions and exposure to light. The samples were
characterised by visible absorption, FT-IR and nuclear magnetic resonance spectroscopy
(NMR) spectroscopies as well as TEM, ZP and ZS measurements.
3.1.3.2 Results and discussion
Data obtained in previous investigations[127,152] using OLA as both reductant and stabiliser
to reduce Au3+ to Au0 at 50 ◦C or 80 ◦C produced brilliant red, monodisperse, spherical
AuOLA particles of about 10 nm size. As reported by Liu et al.,[152] the nanogold formation
was a result of thermal decomposition of a Au–OLA intermediate complex. Based on
this method, the current work used a similar methodology with ethanol as a co-solvent
∗The melting point of OLA is at 18–26 ◦C.[150]
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(a) Brilliant red AuOLA.
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(b) Visible spectra recorded (A) immedi-
ately after synthesis and (B) after 105 days.
Figure 3.11: Optical properties of AuOLA produced according to method C of Table 3.3.
to produce AuOLA. Figure 3.11 shows the optical properties of AuOLA using this new
approach.
As can be seen, the new method using ethanol produced bright red colloids. The LSPR
band was typically located at λmax = 527 ± 5 nm indicating the formation of spherical
AuNPs. The results obtained from eight identically prepared samples were consistent with
those for AuOLA systems without ethanol reported in the literature.[127,152,229] The AuOLA
colloids were stable for at least 3.5 months as shown by the identical visible absorption
spectra (Figure 3.11b).
Figure 3.12 shows the results obtained using TEM. As can be seen from Figure 3.12a, the
particles were monodisperse with an average particle diameter of 8.4 nm (± = 2.2–3.5 nm).
This agrees with the narrow and well-defined LSPR band shown in Figure 3.11b and
with data reported elsewhere.[112,230] The particles were of gold as confirmed by EDS
(Figure 3.13). The high-resolution TEM image in Figure 3.12b highlights the crystal
lattices of a spherical nanocrystal. Minor amounts of multiple twinned crystal structures
were also identified (data not shown). These findings are consistent with those obtained in
other studies.[229,231]
To determine the ZS, AuOLA was characterised by the DLS technique. The results of
three measurements are shown in Figure 3.14.∗ Figure 3.14a displays the measured ZS
∗The three sequential measurements were made with the cell content replaced by test solutions drawn
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(a) Low-resolution image.
9 nm
(b) Spherical nanocrystal of 9 nm
diameter.
Figure 3.12: TEM images of AuOLA.
C Au Cu Au
Figure 3.13: EDS spectrum of AuOLA con-
firming the presence of gold (AuNPs), car-
bon and copper from the TEM grid.
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Figure 3.14: ZS analyses of AuOLA from a single sample measured three times. The cell
content was replaced between measurements.
distributions by intensity.
Two of the ZS–intensity distributions were nearly monomodal. The third distribution
was bimodal implying a polydisperse sample or particle agglomeration.[219] The average
ZS was 48.2 ± 3.8 nm,∗ which differs considerably from results obtained by TEM. This
finding indicates that the OLA layer significantly contributes to the hydrodynamic radius
of a AuNP or that the AuOLA particles were agglomerated. However, agglomeration is
very unlikely because the (1) TEM image (Figure 3.12) shows individual AuNP, and
(2) visible absorption spectrum (Figure 3.11b) shows a sharp LSPR band that indicates a
monodisperse colloid without significant agglomeration. Figure 3.14b compares four ZS
distributions. As can be identified, the ZSs ranged between 14.3 ± 4.7 nm (Number) and
48.2 ± 3.8 nm (Intensity) indicating that the transformation from intensity distribution to
number distribution was insufficient. Compared to results obtained by TEM analysis, the
Number distribution appeared to be the best representation of the average ZS. Nevertheless,
the results again suggest that ZSs should be considered complementary data to those
obtained by TEM and visible absorption spectroscopy.
As discussed in greater detail in Chapter 5, the ZP of AuNPs is an important factor in
the production of nanogold–wool composites and depends on the pH of the surrounding
from the same sample.
∗pH of AuOLA sample was 5.1.
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Figure 3.15: ZSs (z-average) and ZPs of AuOLA as functions of pH.
medium. To study the ZSs and ZPs of AuOLA as a function of the pH, an automated pH
titration was performed. The results are shown in Figure 3.15.
At pH < 6, the ZPs were positive and remained relatively stable between 32 and 55 mV.
These results indicate electrostatic stabilisation of the AuOLA particles due to the charge
repulsion of the positively charged amino head groups of OLA (Figure 1.27, page 36).
Between pH 6 and 9, the ZPs decreased steadily. This indicates the partial deprotonation
of the amino groups and that the electric charge repulsion between neighbouring particles
progressively decreased. At pH 9, the surface charge was about zero identifying the pI
of AuOLA. The ZSs basically mirrored the trend of the ZPs. As displayed, the ZSs of
32–80 nm remained relatively stable below pH 8 indicating no agglomeration due to
sufficient mutual repulsion of neighbouring AuOLA particles. Between pH 8 and 9, the ZSs
increased steadily, indicating initial agglomeration due to reduced charge repulsion between
neighbouring particles. Above pH 9, the ZSs increased to 140–200 nm indicating sudden
agglomeration. This is associated with the absence of charge repulsion from deprotonation
of the amino head groups of oleylamine. However, AuOLA was stable at pH 9 as evident
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from the visible absorption spectrum that was almost identical to the spectrum of the
same sample recorded at pH 5 (Figure 3.16). This demonstrates that the colloid remained
stable despite reaching its pI. The finding strongly suggests that OLA is an effective steric
stabiliser for AuNPs and that the colloidal stability is pH-independent.
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Figure 3.16: Visible spectra of AuOLA col-
loids with (A) pH 5.0 and (B) pH 9.0.
As addressed earlier, AuOLA colloids were synthesised using ethanol as a co-solvent. To
study the effect of the ethanol on the optical properties of AuOLA, three colloids with
different ethanol concentrations were prepared and characterised by visible absorption
spectroscopy. The spectra are shown in Figure 3.17.
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Figure 3.17: Visible spectra of AuOLA col-
loids prepared with 0 vol% (black), 5 vol%
(red) and 25 vol% (blue) ethanol.
As can be seen, the LSPR peaks at 522–526 nm were symmetrical indicating monodispersity
and narrow size distribution. The higher the ethanol concentration, the more blue-
shifted the absorption peak became, indicating slightly decreasing average particle size.
Furthermore, the absorbances increased with increasing ethanol concentration. This
indicates that ethanol enhances the Au3+–OLA reaction that results in better yield of
AuNPs. Based on the difference of the absorbances at λmax = 525 nm of the colloids
containing 0 vol% and 25 vol% ethanol, the yield increases by approximately 18%. Although
the influence of the surrounding medium’s refractive index on the optical properties of
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AuNPs has been documented, the influence of ethanol appears negligible in the current
study.[232]
To evaluate the colour, the optical properties of AuOLA were compared with those of AuTA
and AuTSC at the various pHs used in the synthesis for nanogold–wool composites. As
shown in Figure 3.18, at λmax = 532 nm the absorbance of AuOLA was about 25% higher
than the absorbances for AuTA and AuTSC indicating that OLA had the highest conversion
rate of Au3+ into Au0. The peak widths of the LSPR bands were slightly narrower and
more symmetrical for AuOLA and AuTSC than for AuTA indicating slightly narrower particle
size distributions for AuOLA and AuTSC than for AuTA. This suggests that OLA and TSC
produce slightly more monodisperse AuNPs than TA.
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Figure 3.18: Visible spectra of AuNPs
colloids. Comparison of AuOLA (blue,
pH = 5.2), AuTA (red, pH = 2.7) and
AuTSC (black, pH = 2.7). All samples con-
tained the same initial concentration of
Au3+.
To produce highly concentrated AuNP colloids, solvent and excess OLA were removed
from the solution, as described in Section 2.3. The results are shown in Figure 3.19.
(a) Dry AuOLA obtained from Vivaspin®
centrifugation.
(b) Oily AuOLA produced by n-hexane ex-
traction.
Figure 3.19: Photos of AuOLA washed and concentrated as described in Section 2.3.
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As is evident, the method using Vivaspin® concentrators produced dry, red AuOLA particles
(Figure 3.19a) while solvent extraction with n-heptane and subsequent rotary evaporation
produced oily, almost black AuOLA (Figure 3.19b). The colour change is associated with
particle agglomeration as a result of a decreased interparticle spacing due to the removal of
solvent. Both samples were no longer dispersible in water indicating that the particles lost
their hydrophilic character. This implies that the OLA bilayer, which is associated with
the water solubility of the AuNPs, was destroyed. However, both AuNP samples readily
re-dispersed in ethanol, n-hexane, chloroform and deuterated chloroform. The findings
indicate that the particles were still stabilised by a monolayer of hydrophobic OLA which
determines the solubility of the AuNPs in the organic solvents. The re-dispersed AuNPs
were bright red indicating non-agglomerated AuOLA particles. This provides evidence that
the optical properties of the re-dispersed AuOLA particles in organic solvent were essentially
identical to those of the original particles in aqueous media. Importantly, AuTSC, AuTA
and AuCiBA aggregate when attempting to concentrate them in a similar way to that
described here. This strongly suggests that the AuOLA particles possess superior steric
stabilisation to AuTSC, AuTA and AuCiBA. Concentrated AuOLA particles (Figure 3.19b)
were analysed by FT-IR, NMR and XPS spectroscopies as described in Section 2.4.
According to FT-IR analysis of AuOLA (Figure 3.20), the weak R2−NH doublet at 3380
and 3300 cm-1 and the N−H deformation doublet at 1621 and 792 cm-1 disappeared,
indicating the reaction of OLA. The amine bands were replaced by a C−O stretch at
1654 cm-1 and a C−N−H deformation band at 1564 cm-1. Both stretch and deformation
bands are characteristic for amides and imply the oxidation of OLA to oleylamide. These
results agree with those documented by Liu et al.[152] However, other research groups[231,233]
reported an Au+–OLA intermediate complex that decomposes to Au0 and dioleylamine.
However, the data presented by Lu et al.[231] appear inconclusive. Other investigations
were unable to confirm any of the findings but suggest an interaction between OLA (or an
OLA derivate) with the gold surface.[127,229,234]
Attempts to obtain conclusive data about the Au–OLA interaction of highly concentrated
AuOLA colloids by NMR spectroscopy were unsuccessful. Based on quantitative NMR
analysis, however, approximately 0.77 mg OLA was recovered from a AuOLA colloid after
particle formation. This amount represented 14% of the initial OLA content and implies
that 86% OLA remained in the sample, possibly causing measurement uncertainties. XPS
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Figure 3.20: FT-IR spectra of OLA (70%, red) and AuOLA (blue)
analysis of AuOLA on the surface of wool fibres discussed in Section 5.2.1.2 may suggest
Au–O and C–N–Au interactions, however, the results were also inconclusive. The exact
AuOLA formation and Au–OLA binding mechanisms remain unclear and requires further
investigation.
Based on the results presented above, the model of AuNPs stabilised by oleylamide
proposed by Liu et al.[152] can be modified as illustrated schematically in Figure 3.21. In
aqueous media, the AuNPs have an average size of approximately 9 nm and are possibly
surrounded by a 2–3 nm bilayer of surfactant.[230] At pH 1–6, the AuOLA system may
consist of nanogold, protonated oleylamide, neutral oleylamide and unreacted, protonated
OLA. It is unclear to what extend oleylamide and OLA undergo ligand exchange on the
gold surface. Therefore, the model assumes random adsorption, exchange and distribution
of oleylamide and OLA, and their protonated counterparts. As a result of the thermal
decomposition of the Au–OLA complex, oleylamide is proposed to be the predominant
species adsorbing onto the gold surface.
Prior work has studied the formation of monodisperse AuNPs reduced and stabilised by
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Figure 3.21: Schematic illustration of a AuNP stabilised by an oleylamide/OLA bilayer at
pH 1–6 in aqueous medium.
OLA in a variety of media and at several reaction temperatures. Liu et al.,[152] for example,
reports AuNPs synthesised with OLA and stabilised by a monolayer of oleylamide in
non-aqueous solvent.
In the current study, Liu’s work was revisited and extended. For this, a variety of analyses
were performed to gain further insights into the AuOLA system including pH–ZP/ZS
titrations as well as quantitative and qualitative NMR spectroscopy. Furthermore, the
influence of ethanol as a co-solvent on the AuOLA particle formation was investigated. The
optimised synthetic procedures using ethanol as a co-solvent produced brilliant red colloids.
The colour is consistent with AuOLA particles with an average diameter of 9 nm (TEM
analysis). As was expected, at pH < 9 the AuOLA particles had positive ZPs. The findings
presented here extend those of Liu et al.,[152] confirming that AuOLA colloids are stable
at pH 1–9 and upon washing, and that ethanol significantly enhances the AuNP yield.
It is proposed that the co-solvent facilitates a better interaction between gold and OLA
and results in highly controlled particle growth and well stabilised AuOLA particles. The
current study, therefore, indicates the benefits gained from the investigation of AuOLA.
These results did help to design a methodology to produce AuOLA–wool composites and lay
the ground work for the development of other nanogold systems utilising water-insoluble
reagents which were not yet considered.
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3.1.4 Nanogold produced by reduction and stabilisation with chitosan (AuCHT)
A part of this research was the synthesis and characterisation of red AuCHT. CHT was used
due to its desirable properties such as being a polycationic biomaterial with the ability
to produce and stabilise AuNPs where the particle size can be influenced via varying the
CHT concentrations. Although tuning particle size produces only minor changes in colour,
it is still a powerful approach to the synthesis of ‘clean’ red hues.[156,158,159,235]
3.1.4.1 Synthesis
The preparation of bright red AuCHT was performed in aqueous media by reducing Au3+
to Au0 in the presence of CHT. In a typical synthesis, 10 mL of colloidal AuCHT was
synthesised by thoroughly mixing 7 mL distilled water with 3 mL CHT (2 g L-1, in H2O,
pH adjusted with acetic and hydrochloric acid to 3.5 to dissolve the CHT, MWCHT 100–
300 kDa) and 200 µL HAuCl4 solution (0.15 wt% Au3+, in H2O, pH = 2.5), and left
undisturbed in a 50 ◦C water bath for 16 h.
This one-step, one-pot method produced bright pink AuNPs with pH ≈ 4. Once the
particle growth was completed, the colloids were generally stable under ambient conditions
for several weeks. However, sometimes CHT formed insoluble flocs removing colloidal
AuCHT from the mother solution. The samples were characterised with visible absorption
spectroscopy. The reaction parameters were compared with those in the literature.
3.1.4.2 Results and discussion
AuCHT syntheses in previously reported studies[156,158,159,235] used reaction temperatures
between 70–100 ◦C for 15 min to 3 h. It was generally found that the higher the reaction
temperature, the shorter the reaction time.∗ According to Wei and Qian,[235] the colloidal
AuCHT colloids have a ‘vivid rose-like’ colour and consist of mainly spheroidal particles
with a sharp LSPR band at λmax = 520 nm.
∗But no systematic study was undertaken to correlate the molecular weight or the degree of deacetylation
of the used CHT product to the resulting AuNPs properties.
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Figure 3.22: Photo of a pink AuCHT colloid. Visible spectra show a
strong LSPR band at λmax = 525 nm with an absorbance of 0.7 which
concurs with the literature.[156,158,159,235]
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Figure 3.23: Comparison of the methods for red AuCHT colloids reported by Sun et al.,[158]
Wei and Qian,[235] Bhumkar et al.,[159] and Huang and Yang,[156] and of the current work
(Kolb). The comparison focuses on the reaction times and temperatures, and approximate
concentrations of CHT and HAuCl4 in the aqueous reaction mixtures.
The current study reproduced red AuCHT colloids when synthesised at 50 ◦C. Figure 3.22
shows a photo of a representative sample. As can be seen, the red colour is ‘vivid rose-like’
which is consistent with the result reported by Wei and Qian.[235] The corresponding LSPR
bands measured with visible absorption spectroscopy were characteristic for spherical
AuNPs and in good agreement with the literature.[156,158,159,235] Compared to other red
AuNP systems that are part of the current work, the absorbance of AuCHT has the same
magnitude than those of AuTSC and AuTA (Figure 3.18).
Figure 3.23 illustrates the various reaction conditions used by Sun et al.,[158] Wei and
Qian,[235] Bhumkar et al.,[159], Huang and Yang,[156] and the work presented in this thesis to
produce red AuCHT colloids. As can be seen, all methodologies have in common that they
use HAuCl4 as precursor and CHT as reductant/stabiliser in aqueous media. However,
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the reaction parameters can differ remarkably from each other. For instance, Bhumkar
et al.[159] produced the colloid in the shortest time (15 min) but at the highest temperature
(100 ◦C). Wei and Qian[235] used at least five times more CHT than the other groups and
10 times more than Huang and Yang[156] who used the lowest CHT concentration. Although
the synthesis of the current work was carried out at a 5 ◦C lower temperature than that
of Sun et al.,[158] the reaction here was completed in about half than the time used by
Sun et al. All groups reported λmax values between 520 and 525 nm which corresponds
to colloids with red colours. However, no group reported any other colours than red.
This provides the opportunity to develop new colours using CHT, which is discussed in
Chapter 4.
3.2 Purple and blue nanogold
While a variety of red nanogold systems for potential wool colouration were discussed in
Section 3.1, this section addresses purple blue nanogold – a highly desired colourant for
fashionable wool products.
3.2.1 Nanogold stabilised by bis(p-sulfonatophenyl)phenylphosphine (AuBSPP)
The current work also involved the reproduction and characterisation of blue nanogold sta-
bilised by bis(p-sulfonatophenyl)phenylphosphine (AuBSPP).[187] The blue colour originates
from anisotropic AuNPs which feature short tips grown onto small spheroids (multi-
branched AuNPs). The AuNPs are the result of a complex composite mechanism involving
TSC, H2O2 and BSPP as follows: (1) Because TSC is too weak to reduce Au3+ at RT, H2O2
is used to promote the oxidation of TSC. This results in the release of enough electrons by
TSC to reduce Au3+ to Au0 under mild conditions. (2) BSPP preferentially caps certain
facets of small AuNPs leaving other surfaces free for Au0 accretion. Subsequent particle
growth parallel to the uncapped facets results in short branches. (3) The anisotropic
AuNPs are effectively stabilised by BSPP, TSC and oxidised TSC moieties.[186,187,236] In
contrast to the blue AuBSPP colloids reported by Broek et al.,[187] the current work yielded
purple AuBSPP as described below.
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3.2.1.1 Synthesis
AuBSPP was synthesised in a similar way to that described by Broek et al.[187] Briefly,
11.5 mL distilled water was mixed with 2 mL TSC solution (0.03 mol L-1, in H2O) and
1.2 mL BSPP solution (0.1 wt%, H2O) in a 25 mL plastic vial and stirred continuously.
After 1 min, 120 µL H2O2 solution (5 wt%, in H2O) was added. After a further minute,
200 µL HAuCl4 solution (0.01 mol L-1 Au3+, in H2O, pH = 2.5) was injected with a
constant addition rate using a syringe pump. The amounts of H2O2 and the addition
rate of HAuCl4 were varied according to Table 3.4. The experimental setup is shown in
Figure 3.24. The samples were subsequently analysed by visible absorption spectroscopy.
Table 3.4: Synthesis details for purple AuBSPP colloids.
Method A B C D E F G H
H2O2/µL 50 100 200 400 120 120 120 120
HAuCl4/µL min-1 20 20 20 20 10 40 80 160
Figure 3.24: Experimental setup to pro-
duce purple AuBSPP colloids consisting of
a syringe pump and a 2 mL Norm-Ject®
luer-slip syringe that is connected to a tub-
ing system. The HAuCl4 solution is added
with the syringe pump into the reaction
vessel under constant stirring at 100 rpm.
The sample turned purple upon the HAuCl4
addition indicating the AuNP formation.
3.2.1.2 Results and discussion
Data obtained by Broek et al.[187] indicate that the colour of AuBSPP colloids is tuned from
red to purple and blue as a function of the injection rate of HAuCl4. For instance, an
injection rate of 5 µL min-1 produced blue colloids while a rate of 40 µL min-1 produced
red colloids.
The current study used a very similar methodology but with two significant changes:
(1) While the addition rate of HAuCl4 was kept constant at 20 µL min-1 the volumes of
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H2O2 (5 wt%) were varied between 50 and 400 µL. (2) While the volumes of H2O2 (5 wt%)
were kept constant at 120 µL the addition rates of HAuCl4 were varied between 10 and
160 µL min-1. The fastest addition rate in this current work was four times higher than
that used by Broek et al.[187] Figure 3.25 shows the resulting colours and the corresponding
visible absorption spectra of both approaches.
A B C D
50 µL 100 µL 200 µL 400 µL
H2O2 H2O2 H2O2 H2O2
(a) Red colloids synthesised with increas-
ing volumes of H2O2 (5 wt%) at a constant
addition rate of HAuCl4 (20 µL min-1).
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(b) Visible spectra corresponding to
Figure 3.25a. A = red, B = black,
C = green, D = blue.
E F G H
10 µL min-1 40 µL min-1 80 µL min-1 160 µL min-1
HAuCl4 HAuCl4 HAuCl4 HAuCl4
(c) Red and purple colloids synthesised
with increasing injection speed of HAuCl4
(0.01 mol L-1 Au3+) but constant H2O2 vol-
umes (120 µL).
0.0
0.1
0.2
0.3
0.4
400 500 600 700 800
Abs
orb
anc
e
Wavelength/nm
529 572
-
(d) Visible spectra corresponding to
Figure 3.25c. E = red, F = black,
G = green, H = blue.
Figure 3.25: Optical properties of purple AuBSPP.
As shown in Figure 3.25a, all colloids are bright red with little variation in the hues. This
finding is consistent with the corresponding visible absorption spectra in Figure 3.25b
where all samples feature similar, nearly symmetrical LSPR bands between 523 and 534 nm.
This indicates that all four colloids (A–D) contained spherical/spheroidal particles. The
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finding strongly suggests that a constant addition rate of HAuCl4 was unsuccessful in
producing branched AuNPs and that the H2O2 concentration had no significant influence
on the size or morphology of the AuBSPP particles.
Figure 3.25c shows AuBSPP colloids whose colours change gradually from pink to purple
with increasing injection rate of HAuCl4. With an injection rate of 10 µL min-1 the colloid
is pink and with a 16-fold increased injection rate the colloid is purple. This colour shift is
consistent with the gradual red-shifting of λmax from 529 nm to 572 nm (Figure 3.25d).
The LSPR bands are almost symmetrical and have similar absorbances but broaden with
the shift of λmax to longer wavelengths. The peak broadening and spectral shift indicate the
formation of larger particles, particle agglomeration and/or slightly anisotropic particles.
However, this data shows the opposite trend to that observed by Broek et al.[187] and Hao
et al.[186] who reported a redshift of λmax due to the evolution of anisotropic morphologies
at low HAuCl4 injection rates. While an injection rate of 10 µL min-1 produced blue
colloids for Broek et al.,[187] in the current work bright red colloids were obtained. This
indicates that spherical particles instead of the attempted multi-branched AuNPs were
synthesised. Furthermore, Broek et al.[187] using an injection rate of 40 µL min-1 produces
red colloids, whereas in the current work the colloids exhibit blue hues at higher injection
rates.
Although it was possible to tune the colours of AuBSPP from pink to purple, the results
were inconsistent with those obtained by Broek et al.[187] Here, the results of colloid E–H
show that the higher the injection rate of HAuCl4, the more blue-shifted is the LSPR band.
The finding indicates that the colloids here changed their colours towards blue tones. This
is associated with particle agglomeration rather than due to a manipulation of the particle
morphology. Based on this observation, it is worth comparing the methodologies employed
by Broek et al.[187] and the current work (Table 3.5).
As shown in Table 3.5, the method of Broek et al.[187] uses concentrations that are generally
higher than those used in the current work. This indicates that a more concentrated
reaction solution enhances the shape-control over the AuBSPP particles resulting in a multi-
branched morphology. The result is consistent with that obtained for AuNRs requiring
high concentrations of the growth-directing agent.[173] The finding suggests that that high
concentrations of growth-directing BSPP is required to direct the AuBSPP particle growth
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Table 3.5: Comparison of methods reported by Broek et al.[187] and the current work.
Method Broek et al.[187] The current work Difference Δ
Total volume of col-
loid/mL
10 15 −5
TSC/10-3 mol L-1 6.8 4.0 2.8
BSPP/% w/w 0.040 0.008 0.032
H2O2/% v/v 0.06 0.04 0.02
HAuCl4/10-3 mol L-1 0.10 0.13 −0.03
into multi-branched shapes.
Prior work has demonstrated the effectiveness of BSPP in supporting the growth of
anisotropic AuNPs and the sensitivity to HAuCl4 addition rate on such structures. Broek
et al.,[187] for example, obtained a colour shift of AuBSPP colloids towards blue hues by
decreasing the injection rate of HAuCl4.
However in the work presented here, it was identified that an increase of the addition rates
shifted the colour towards purple. It was also found that the H2O2 concentration in the
mixture had no influence on the optical properties of AuBSPP. Most notably, it is assumed
that the purple AuBSPP colloids consist of particles of large size or agglomerates rather than
of multi-branched particles. Both, these findings are in contrast to those reported by Broek
et al.[187] This raises questions about the significance of reagent concentrations; specifically,
the concentration of growth-directing BSPP. Future work should include morphological
studies of the purple AuBSPP particles by TEM to relate the shape and size of the AuNPs
to their optical properties.
The AuBSPP system investigated here was not used for the colouration of wool due to its
limited potential for large-scale synthesis.
3.2.2 Gold nanorods
To achieve blue and turquoise nanogold the current investigation involved the wet-chemical
synthesis of AuNRs. The method utilises CTAB to direct the growth of gold nanostructures
along the longitudinal direction resulting in tunable longitudinal LSPR bands (Section 1.1).
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The work below was presented at the TechConnect World Innovation Conference and Expo
2013 in Washington, D.C. and published in the conference proceedings.[237]
3.2.2.1 Synthesis
Generally, the synthesis of seed-mediated AuNRs is a complex three-step approach: (1) the
preparation of brown AuNP seeds that are about 5 nm in diameter, (2) the preparation of
a colourless Au+–CTAB complex, and (3) the combination of the seeds from step 1 and
the Au+–CTAB complex from step 2 to grow coloured AuNRs. Upon synthesis the colloids
were washed to remove excess surfactant via centrifugation, precipitation/filtration or
dialysis. The product was characterised by visible absorption spectroscopy and TEM.
To contribute to the elucidation of the complexity of AuNR synthesis four distinguishable
protocols out of hundreds were investigated:
Protocol A Nikoobakht and El-Sayed,[163] “Preparation and growth mechanism of gold
nanorods (NRs) using seed-mediated growth method” – the method yields monodis-
perse AuNRs containing less than 1% spherical particles and is one of the most cited
papers.
Protocol B Iqbal et al.,[175] “An enhanced synthesis of gold nanorods by the addition
of Pluronic (F-127) via a seed mediated growth process” – one of the most easy to
follow papers.
Protocol C Ye et al.,[173] “Improved size-tunable synthesis of monodisperse gold nanorods
through the use of aromatic additives” – comprehensive paper stating colours in
conjunction with visible absorption spectra and using CTAB concentrations below
supersaturation.
Protocol D Zijlstra et al.,[176] “High-temperature seedless synthesis of gold nanorods” –
simple and quick one-step, one-pot synthesis method.
Although those papers were found to be most helpful, experimental details in journal
publications are often very succinct. Therefore, optimised experimental details of protocols
A–D are described extensively in Section A.2 (page 209). The most crucial experimental
details, however, are addressed here:
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(1) Most importantly, all syntheses were carried out at 27–30 ◦C while stirring.∗
(2) The CTAB stock solution was always kept at ≥ 25 ◦C during both storage and
synthesis. A typical preparation is provided in Section 2.1.2 (page 52).
(3) NaBH4 solutions in ethanol or water were prepared freshly as often as necessary
because NaBH4 decomposes in aqueous solution. A typical preparation is provided
in Section 2.1.2 (page 52).
(4) Ascorbic acid tends to oxidise and was therefore prepared immediately before use.
Stock solutions of photosensitive AgNO3 were stored in the dark.
(5) Seed solutions were stirred or left undisturbed for up to 2 h to degrade excess NaBH4
in the solution but not longer because seed particles can grow over time. It was
found, though, that CTAB-stabilised seeds are more stable and robust compared
with TSC stabilised seeds.
The protocols A–D are similar in their basics but small variations have significant impact
on the results. The current work thoroughly examined individual preparation steps in
order to explain the complexity of the AuNR synthesis, removal of CTAB and TEM
preparation.
3.2.2.2 Synthesis optimisation, removal of CTAB and TEM sample preparation
It was initially hypothesised that AuNRs of aspect ratios required to exhibit blue colours
could be easily synthesised by following previously published methodologies. However, it
became apparent that this presumption was a misconception and that AuNR synthesis in
our facility is not straightforward. As can be seen in Figure 3.26, the issues regarding CTAB
choice, reaction temperature, aspect ratio, excess CTAB and TEM sample preparation
were identified and mastered.
The first difficulty that was identified was that AuNRs could not be produced at all when
CTAB from Hopkin & Williams Ltd was used. This fundamental problem was solved by
∗Hotplates had to be used and drafts had to be avoided because during winter the ambient temperature
in our laboratory was generally 5–7 ◦C below standard RT (25 ◦C).
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Figure 3.26: Gold nanorods – a journey towards success by tackling issues regarding CTAB
source, reaction temperature, control of aspect ratio and removal of excess CTAB.
Control unit −→
Water inlet −→
Double-walled beaker →
←− Water outlet
←− Clamp
←− Stir bar
←− Magnetic stirrer
Figure 3.27: Double-walled glass beaker for temperature controlled reactions.
using CTAB from Fluka as recommeded by Smith and Korgel[168] in their paper about the
importance of CTAB. Another CTAB product from LifeScience∗ was also employed.
The second problem was the ‘RT’, i.e. the ambient temperature in our laboratory. Ambient
temperatures of 18–20 ◦C were caused by the ventilation system of the building and it
was not possible to accurately control them. Significant temperature fluctuations caused
CTAB to precipitate from solution which resulted in CTAB concentrations less than the
required supersaturation. This problem was overcome by using temperature controlled
hotplate stirrers to keep the reaction temperature at 27–30 ◦C while stirring. Another
solution for temperature control is a double-walled glass beaker as shown in Figure 3.27.
Only once, the ‘right’ CTAB was employed and the reaction temperature was controlled
to be 27–30 ◦C was progress towards longitudinal particle growth made.
∗Product was kindly provided by Dr Stefaan Janssens.
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Regarding the removal of excess CTAB, it is worth considering why it should be removed
from the colloid in the first place. There are many reasons; for instance, free CTAB is
cytotoxic and hence, cannot be applied in biological systems. However for the study here,
CTAB removal was important to (1) achieve crisp TEM images of high resolution, and
(2) to improve the uptake of AuNRs by wool fibres. Regarding TEM imaging, CTAB
decomposes while being exposed to the powerful electron beam. This causes hydrocarbon
fragments to be released from the grid and interfere with the electron beam dulling the
images. Also volatilising compounds cause the grid to vibrate which results in images
out-of-focus and low in contrast. Regarding colouring of wool, excess CTAB was found to
‘block’ sites on the surfaces of wool fibers which resulted in insignificant colouration of
wool by AuNPs (see also Chapter 5). Additionally, only 15% of the total mass of Au used
in the synthesis is converted into AuNRs.[107] This very low conversion rate of costly Au3+
metal salt makes AuNRs an even more expensive colourant.
Centrifugation is likely to be the most common approach to wash AuNPs free from
surfactant. Although only results from two centrifuges are discussed, here the investigation
involved four different devices. However, none of the available devices suited the purpose
because (1) the recovery rate of purified AuNRs was very low (Figure 3.32, page 102),
(2) AuNPs were not efficiently separated from the mother solution (Figure 3.34, page 103),
(3) AuNRs overgrew when they became warm (data not shown) and/or (4) thin gold
films plated out (Figure 3.33, page 102). In the course of this work it was accepted that
the purification via centrifugation is accompanied by significant loss of AuNPs, and that
the duration and speed vary between each sample as well as each run. For future work,
a centrifuge that is capable of loading samples of 1–50 mL, spinning between 500 and
20,000 relative centrifugal force (RCF), controlling the temperature during spinning and
using disposable sample tubes would be desirable.
A less commonly discussed ‘problem’ regarding centrifugation is selective size and shape
separation. By centrifuging a sample of colloidal particles, a physical separation of AuNPs
is performed where heavier particles sediment faster than lighter particles of the same
density.[238] As a result of the different sedimentation velocities, the supernatant mainly
consists of lighter AuNPs of lower sedimentation velocity. Heavier AuNPs and AuNRs
with larger dimensions sediment at the bottom of the centrifuge tube.[239] Therefore, it
is important to understand that data for washed AuNPs do not represent the original
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sample composition because particles of various sizes and shapes were selectively removed.
Rather than studying the as-synthesised AuNPs, a selection of the washed AuNPs are
examined. This leads to that ‘high yields’ of ‘monodisperse’ AuNRs are often described in
the literature but less often achieved through wet-chemical synthesis.
Precipitation/filtration of excess CTAB was tested as well. The precipitation requires
several cooling–freezing–defrosting steps which can take 1–2 days and holds the risk of
particle agglomeration. The final filtration works well, however, some CTAB passes
by the filter paper and some AuNPs get trapped in the filter cake (Figure 3.35). This
method seems to be efficient for a crude removal of CTAB but not as sufficient as repeated
spin–wash cycles by centrifugation.
Additionally, CTAB was removed from colloids by dialysis. This is certainly the most
thorough method to remove free CTAB but is time consuming and seems to almost always
result in particle agglomeration or overgrowth. Hence, it is not recommended for cleaning
AuNRs of a particular aspect ratio, unless dialysis is applied to shorten nanorods on
purpose.
Another challenge was the TEM sample preparation of AuNRs. Here are four recommended
procedures regarding TEM preparation of colloids:
• Tweezers are used to hold the TEM grid in place when the colloid sample is dropped
onto the grid. When the liquid touches the tweezers ‘wicking’ occurs, i.e. capillary
forces between the tweezer arms suck up the colloid which leaves the grid empty. To
avoid this either non-wicking tweezers should be employed, or special care has to be
taken.
• Approximately 2–3 µL of concentrated colloid should be placed onto the grid. The
concentration of the sample should correspond to an absorbance of approximately 1
for the transverse LSPR band in the visible absorption spectrum.
• Stacking of AuNPs on top of each other is avoided by removing excess colloid from
the grid with the tip of a paper tissue about 30 s after the droplet was placed onto
the grid.[240]
• Drying of the TEM sample in air can cause ‘coffee stains’[213] or dewetting
phenomena,[241] i.e. the nanostructures form a dense ring of stacked AuNPs on
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the far outskirts of the grid or ‘islands’. These leave the center and large areas of the
grid widely unpopulated of AuNPs. To avoid this, the wet TEM grid should be held
by tweezers and placed within a small glass vial (5 mL) where eventually a saturated
vapour atmosphere will form controlling the drying of the sample via diffusion.[173]
This approach also supports self-assembly of AuNPs into close-packed arrays.
← Droplet on grid
Figure 3.28: Droplet of colloidal sample on TEM grid within a 5 mL glass vial.
The current work used the protocols A–D to produce colloidal AuNRs of turquoise and
blue but also of dark-salmon (pink with an orange hue) and purple. The results are
discussed below.
3.2.2.3 Results and discussion
Despite the many published, peer-reviewed methods for wet-chemical AuNR synthesis (see
references in Section 1.1), the reproduction of such methods in our laboratory environment
was very difficult (Figure 3.26). However, all issues were successfully mastered. As a
consequence, AuNRs of various colours were synthesised for the first time in the research
group of Prof. J. H. Johnston.
Figure 3.29a shows dark-salmon (A), intense lilac (B) and royal purple (C) colloids that
were synthesised according to protocol A using varying volumes of AgNO3 and seed
solution. As seen in Figure 3.29b, colloid A shows a transverse LSPR band at 513 nm and
a longitudinal LSPR band at 800 nm which mainly absorbs in the NIR region. This result
is consistent with the red colour of the colloid A and indicates an aspect ratio of about
4–4.7.[163] As was expected, the longitudinal LSPR bands shifted with decreasing AgNO3
concentration from 800 nm for colloid A to 625 nm for colloids B and C. Colloids B and
C show almost identical absorption spectra with broad LSPR bands at approximately
520 nm and 625 nm. This finding is consistent with the lilac/purple colours of the colloids.
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(a) Dark-salmon and lilac AuNRs.
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(b) Visible spectra AuNRs of (a). A =
dark-salmon, B = black, C = lilac.
Figure 3.29: Optical properties of AuNRs with high enough aspect ratio to absorb light in
the NIR region. Prepared according to protocol A. Sample A contained 250 µL AgNO3 and
12 µL seeds, B contained 50 µL AgNO3 and 50 µL seeds, and C contained 50 µL AgNO3 and
12 µL seeds.
The almost identical absorption spectra indicate that the different volumes of the seed
solutions used in the syntheses had no significant influence on the aspect ratio of the
AuNRs. The positions of the transverse and longitudinal LSPR bands indicate that the
colloids contained AuNRs with an approximate aspect ratio of 1.5–2.5.[163] Although the
colours appeared to be intense, probably less than 1/6 of the used Au3+ precursor was
converted into Au0.[182] This suggests that AuNRs are a rather inefficient approach to the
synthesis of AuNPs with tunable colours for wool colouration.
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Figure 3.30: TEM images of AuNRs with
aspect ratios of 3.6 and 3.2, respectively.
AuNRs were sampled from colloid A in
Figure 3.29.
To investigate the relationship between visible absorption spectra and aspect ratio, AuNRs
from colloid A were examined with TEM (Figure 3.30). The AuNRs were single-crystalline
with rounded tips which is in accordance with the literature.[163] The results strongly
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suggests that the CTAB from LifeScience produces AuNRs and is a candidate for the list
of recommended products. However, the aspect ratio was determined to be 3.6 and 3.2,
respectively, rather than the expected 4–4.7 as discussed above. This suggests that the
two AuNRs shown are not representative to determine the average aspect ratio of the
AuNRs in the bulk solution. Nevertheless, the TEM image provides the evidence for the
successful synthesis of AuNRs.
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(a) Visible spectra of AuNPs. (Blue) Right
after synthesis. (Red) After 4 days on bench.
Inset shows the blue colour of the colloids.
(b) TEM image of anisotropic AuNPs cor-
responding to blue visible spectrum of (a).
Figure 3.31: Optical and structural characterisation of washed, blue AuNRs synthesised
according to method A with CTAB from LifeScience, adding HAuCl4 before AgNO3, and
500 µL AgNO3.
To further elucidate the factors that influence the optical properties of AuNRs, protocol A
was repeated with three changes: (1) the CTAB was from Fluka instead from LifeScience,
(2) the HAuCl4 was added before AgNO3, and (3) the volume of the AgNO3 solution was
doubled to 500 µL. As can be seen in the inset photo in Figure 3.31a, the colloid was
bright blue rather than the dark-salmon or lilac of Figure 3.29b. This indicated that the
blue was a result of well-defined AuNRs, similar to those shown in Figure 3.30, but with a
lower aspect ratio. However, the TEM images and visible absorption spectra of washed
blue AuNPs in Figure 3.31 show that the colour was due to a complex mixture of AuNPs
comprising several sizes and shapes. The findings suggest that CTAB from Fluka exercised
less control over the particle shape than the LifeScience product. Some particles were
poly-crystalline which indicates that the high AgNO3 concentration influenced the growth
kinetics. As seen in Figure 3.31a, the LSPR shoulder at 537 nm indicates large spheroidal
particles, the peak at 608 nm is consistent with cubic shapes, and the peak at 706 nm
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is a longitudinal LSPR mode for AuNRs. As is evident, the spectra of washed AuNRs
immediately after synthesis and after four days ageing were essentially identical. This
indicates that neither longitudinal growth nor Ostwald ripening occurred due to sufficient
growth restriction by the capping agent.[242] The absorbance decreased slightly after four
days indicating that some agglomerated AuNPs precipitated out of solution. Overall, the
findings strongly suggest that the growth of AuNRs depends on the choice of CTAB and
the order of adding reagents to the reaction solution. Moreover, the high concentration of
AgNO3 significantly influences the position and shape of the longitudinal LSPR bands.
Although the shape and aspect ratio of the AuNRs discussed here are poorly defined, the
method produced AuNRs of ‘clean’ blue colour.
The synthesis of AuNRs requires very high concentrations of the growth-directing CTAB.
However, it significantly lowers the image quality of electron micrographs, and disturbs
the uptake process of AuNPs by wool fibres. Therefore, different methods to remove
excess/unbound CTAB from colloids were investigated:
Centrifugation. Blue AuNRs were prepared accordingly to protocol B, split into
6 × 1.5 mL portions and centrifuged in a Microcentrifuge from Qualitron, Inc.
(Section 2.3.1 for details). The supernatant that contained the excess/unbound
CTAB was discarded. Figure 3.32 shows photos of blue AuNRs immediately after
synthesis (Figure 3.32a) and after centrifugation (Figure 3.32b). As can be seen, the
sample D had a slight green shade (turquoise) whereas E was blue. The difference
in the hue is indicative for slightly different aspect ratios of the AuNRs which was
intended. The colours were consistent with the visible absorption spectra (data not
shown) that showed longitudinal LSPR bands at 650 nm (D) and 686 nm (E). After
2 spin–wash cycles and recombining the 1.5 mL fractions (Figure 3.32b), D was still
brightly coloured but had lost its green hue and E had still the same colour but the
intensity was considerably decreased. This indicates that the AuNPs that exhibited
green hues (D) and significant amounts of AuNPs (E) were discarded together with
the excess/unbound CTAB in the supernatant. The results suggest that, generally,
the removal of excess/unbound CTAB is accompanied by a selective size and shape
separation of the AuNRs which alters the composition of the colloid and lowers the
yield of the AuNPs.
To study what centrifuging variables are optimal to remove excess/unbound CTAB,
colloids were synthesised according to protocol A. The AuNRs were again split into
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50 µL AgNO3 200 µL AgNO3
(a) Blue AuNRs right after synthesis
(9 mL each).
D E
(b) Washed AuNRs corresponding to
Figure 3.32a (6 mL each).
Figure 3.32: Photos of blue AuNRs prepared according to protocol B
←− Au thin film
←− Dark AuNPs Figure 3.33: A 1.5 mL centrifuge tube with AuNRsand a thin Au film.
6 × 1.5 mL portions and centrifuged in the Microcentrifuge. In order to collect
as many AuNRs as possible in the tube bottom, the centrifugation times were
considerably increased compared to those used in the method above. Figure 3.33
shows that the longer centrifugation times produced a thin film of metallic gold and
black agglomerates. The finding indicates that the centrifugal forces compressed
the AuNPs so much on the tube wall that the particles coalesced to a continuous
aggregate. This can occur at any stage of several spin–wash cycles but most likely
when significant amounts of excess surfactant had already been removed from the
colloidal solution. Such samples are of no further use because the thin gold film is
not soluble.
In order to avoid insoluble thin films, this time the colloidal AuNRs with varying
aspect ratios were transferred into 50 mL centrifuge tubes and spun in a Sorvall
GLC2 general lab centrifuge at 700 RCF without temperature control. The samples
102
F G H J
(a) Redispersed pellets of AuNRs made
to 10 mL solutions.
F G H J
(b) Supernatants of AuNRs in
Figure 3.34a.
Figure 3.34: Photos of purple and blue AuNRs where aspect ratios increase with
increasing AgNO3 concentrations: E = 50 µL, G = 100 µL, H = 150 µL, J = 200 µL.
went through 3 spin–wash cycles for 3 × 7 min. Figure 3.34a shows the colours
of the redispersed pellets. The colours were essentially identical to those of the
original colloids indicating that the AuNRs remained unchanged. Figure 3.34b
shows photos of the colours of suspensions resulting from reuniting supernatants
after centrifugation. The colours indicate that substantial amounts of AuNRs were
discarded together with the CTAB. Comparing the supernatant with the redispersed
pellets, it is apparent that the applied centrifugal forces were not sufficient to separate
AuNRs effectively from their mother solutions and that more AuNRs were discarded
than yielded. However, when the spin time was increased the samples warmed
considerably and the colloids either destabilised or changed their colours.
Overall, the findings indicate that the centrifuging variables depends on the device
used. Moreover, the removal of excess/unbound surfactant with centrifugation is
accompanied by either selective size and shape separation or loss of AuNPs.
Precipitation/filtration. Another approach to removing excess CTAB from the colloid
is to precipitate it via several cooling–freezing–thaw cycles to considerably lower
the solubility of CTAB and then to filter off the crystals as described in protocol D.
Figure 3.35 shows a photo of a Buchner funnel loaded with crystalline CTAB. The
CTAB crystals are shiny and silver, containing trapped purple AuNPs. Although
major amounts of CTAB were removed, significant amounts of CTAB passed through
the filter and remained in the colloidal solution. This finding indicates that cooling–
freezing–thaw cycles are a rather insufficient method for removing CTAB and that it
is accompanied by a substantial loss of AuNRs.
Dialysis. In addition to centrifugation and precipitation/filtration, dialysis against dis-
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Figure 3.35: Top view of a Buchner funnel with
silvery CTAB cake and entrapped purple AuNRs.
tilled water was tested. A blue colloid was prepared according to protocol C and
dialysed for 7 h and 16 h with water changes inbetween. Before dialysis, the optical
properties of the colloidal AuNRs were in excellent agreement with those reported in
the literature.[173] After the first 7 h, the colloid was still turquoise/blue. During the
second run of 16 h, the colloid’s colour changed to purple indicating agglomeration or
overgrowth. Although considerable amounts of CTAB were removed as indicated by
agglomeration and/or shortening due to Ostwald ripening (colour change from blue
to purple), the colloids still contained free organic surfactant because foaming was
observed when the dialysed colloid was agitated. This finding shows that dialysis
results in an undesired change of the optical properties of the AuNRs and hence, is
rather not used.
This investigation also explored practical aspects of how to achieve representative TEM
images of colloidal particles (Figure 3.36). For this, AuNRs were synthesised according
to protocol D, and separated from excess CTAB via precipitation/filtration. The TEM
sample was prepared as described in Section 2.4.6. The dried grid was then treated with a
plasma etcher that removed organic surfactant.
Figure 3.36a shows a representative number of spheroidal AuNPs amongst AuNRs of low
aspect ratios before the plasma treatment. The NPs were partially stacked. During the
TEM imaging process, the organic surfactant ‘burned off’ of the grid. This resulted in a
dull electron beam, vibration of the grid and out-of-focus images, and consequently, in
abortion of the process. The TEM imaging process of the plasma-treated sample was
significantly easier. The electron beam was brighter and the grids vibrated less due to
considerably reduced ‘burning off’ of the organic surfactant. This resulted in TEM images
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(a) Before plasma treatment. (b) After plasma treatment.
Figure 3.36: Representative TEM images of AuNRs without and with plasma treatment of
the samples on copper grids.
0.0
0.5
1.0
1.5
2.0
2.5
400 500 600 700 800 9001000
Abs
orb
anc
e
Wavelength/nm
512 763
Figure 3.37: Visible spectrum of the
AuNRs shown in Figure 3.36. The colloid
was purple.
that were richer in contrast at higher magnifications. Figure 3.36b shows the sample of
Figure 3.36a but after the plasma treatment. The particles were single crystalline, smaller
than 50 nm and of spheroidal, cubic and rod-like shapes. From surveying the sample,
it appeared that the majority of the nanostructures were rods of various aspect ratios.
The predominant number of AuNRs is consistent with the dominant longitudinal LSPR
band of the visible absorption spectrum of this sample (Figure 3.37). As can be seen, the
LSPR band at 512 nm has a small shoulder towards longer wavelengths. This indicates
the presence of isotropic shapes of various diameters or cubes (Figure 1.17, page 27). The
strong longitudinal LSPR band at 763 nm indicates that the sample mainly consisted
of AuNRs with an aspect ratio of approximately 2.5–3.[107,116] Both, TEM and visible
absorption spectroscopy data were consistent with the purple colour of the colloid. The
finding strongly suggests that plasma etching simplifies the TEM imaging process and
enhances the image quality without damaging or altering the AuNPs.
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CTAB is a cationic surfactant that forms a stabilising bi-layer on the gold surface
(Figure 1.28, page 38). The quaternary ammonium head group interacts with the surround-
ing environment which results in a positive ZP for the CTAB-stabilised AuNP. Based on
this knowledge, it was attempted to colour wool with washed AuNRs at a mild pH above
the IER of wool. In this pH region, charge attraction between positively charged AuNPs
and negatively charged wool surface would facilitate a Au–wool bond. Despite all efforts
to remove excess/unbound CTAB from the colloids with the three methods discussed
above, it still interfered with the uptake of blue AuNRs by the wool. The free CTAB
appeared to compete for the wool sites while the CTAB-stabilised AuNRs remained in
solution. This finding is consistent with those obtained for the attempts of colouring wool
with AuCHT particles, indicating that powerful stabilisers hinder the Au–wool interaction
(Section 5.2.1.3). Thus, it was not possible to colour wool with AuNRs. In addition, the
low conversion rate of Au3+ to Au0 is a problem.[182]
The results of this work show that the synthesis, purification and characterisation of AuNRs
is not trivial and requires the development of specific expertise. The work presented in
this thesis identified the factors that made the replication of peer-reviewed publications
in our facility difficult and provides step-by-step solutions to the problems encountered.
First, it was found that the type and manufacturer of CTAB determine whether nanorods
form or not. This concurs with Smith and Korgel[168] who specifically recommend a
limited selection of effective, commercially available products. As a result of the current
investigation the LifeScience product may be added to this selection. In this context,
the discussion of Lohse et al. on the role of halides (as counterions of CTAB) in AuNR
formation is very relevant.[167] Further, a systematic study on the quality of the water used
is necessary. As Gribnau[130] already pointed out in 1938, double distilled water seems to
produce a greater number of monodisperse colloids than single distilled water. Second,
the reactions have to be performed at constant 25–30 ◦C. Although such temperatures are
stated by e.g. Sau and Murphy[171] and Ye et al.,[173] the importance of temperature control
was not explicitly expressed. The current work identified this issue and recommends
thermally insulated reaction vessels as displayed in Figure 3.27.
Although comprehensive reviews[107,170,177,213,243,244] on AuNRs exist, experimental chal-
lenges were barely addressed, leaving a gap in the existing literature. This gap is consider-
ably closed by identifying the key-factors of the synthesis of AuNR. The findings presented
106
in this thesis allow researchers, who are in their early stage of AuNR preparation or who
encounter issues on their own, to become successful AuNR scientists.
3.2.3 Nanogold produced by reduction with trisodium citrate and N2H4 and
stabilisation with polyvinylpyrrolidone (AuTSC/N2H4/PVP)
Blue nanogold is a result of anisotropic AuNPs, such as AuNRs (see Section 3.2.2). As is
addressed in more detail in Section 4.3, multi-branched AuNPs also can be blue due to weak
longitudinal LSPR of their nanoprotrusions. In the current research, anisotropic AuNPs
of blue colour were synthesised with N2H4, and stabilised by TSC and PVP according
to a method reported elsewhere[245] and subsequently characterised by visible absorption
spectroscopy and TEM.
3.2.3.1 Synthesis
Blue colloids of nanogold produced by reduction with trisodium citrate and N2H4 and sta-
bilisation with polyvinylpyrrolidone (AuTSC/N2H4/PVP) were synthesised according to Jeong
et al.[245] but with increased concentrations. Briefly, 2 mL HAuCl4 (cAu3+ = 10 mmol L-1,
in H2O, pH = 2.4) and 2 mL TSC (30 mmol L-1, in H2O) were added to 36 mL distilled
water and stirred vigorously on a magnetic stirrer at RT. 2 mL PVP solution (5 mg mL-1,
in H2O, sonicated to dissolve the polymer) was added drop-wise, followed by a quick
injection of 2 mL N2H4 solution (0.1 mol L-1, in H2O). The mixture turned dark-blue
almost immediately upon N2H4 addition and was stirred for another 10 min. This method
produced blue nanogold with a final pH of 9.2. The system remained stable upon pH
adjustment to 2.6 with HCl which is necessary for wool colouration.
3.2.3.2 Results and discussion
Previously, Jeong et al.[245] reported a simple and fast synthesis protocol for blue, water-
soluble multi-branched AuNPs at RT. The particle sizes are tunable between 20 and
130 nm and controlled by the N2H4 concentrations. The current study obtained dark-blue
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dark-blue colloid produced in the current
work.
(b) Visible spectrum and photo inset of
pale blue colloid. Reproduced with permis-
sion from ref. [245]. © 2009 Elsevier.
Figure 3.38: Optical properties of blue AuTSC/N2H4/PVP.
colloids using Jeong’s protocol and compared the absorption spectroscopy and TEM data.
Figure 3.38a shows the visible absorption spectrum of the blue colloid synthesised in the
research here. The very broad, asymmetric LSPR band has its maximum at 594 nm where
the onset starts at about 500 nm and the offset ends in the NIR region. This extreme
peak tailing indicates considerable particle agglomeration and is consistent with the dark
‘dirty’ colour of the colloid. Figure 3.38b shows Jeong’s data where the narrow, symmetric
LSPR band at about 555 nm indicates well dispersed AuNPs of approximately 80 nm with
relatively high monodispersity. The differences in the visible spectra indicates that using
lower reagent concentrations results in more homogeneous particle growth.
Figure 3.39 shows the TEM images that correspond to the data in Figure 3.38. Figure 3.39a
shows three irregularly shaped nanostructures with dimensions of about 13 and 46 nm,
and multiple twin planes (Figure 1.24, page 33). The particle sizes and shapes range
widely as is evident from the TEM images of this sample of Figure 3.40. The high level
of polydispersity is consistent with the broad LSPR band in Figure 3.38a. However,
the irregular particle shapes and sizes are in contrast to Jeong’s AuNPs that consist of
aggregated particles with thumb-like structures (Figure 3.39b). The thumbs are about
6 nm wide and long while the average circular diameter of the particles is 41 nm including
the branches. Although the shapes are anisotropic, a certain symmetry is visible. This
is consistent with the blue colour of the colloid and the symmetric, monomodal LSPR
band at approximately 555 nm (Figure 3.38b). The findings suggest that the asymmetric
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(a) Irregularly shaped AuNPs. (b) Multi-branched AuNP. Reproduced
with permission from ref. [245]. © 2009
Elsevier.
Figure 3.39: TEM images of blue AuTSC/N2H4/PVP particles corresponding to visible spectra
in Figure 3.38.
particle shape (branches, thumbs) are related to the strong reduction potential of N2H4
and that fast reaction kinetics favour particle growth over the formation of new discrete
nuclei.[187]
At first view, the particle systems in Figure 3.39 appear different. However, both colloidal
systems have in common their blue colours, irregular particle morphologies and average
sizes. Although the Lambert–Beer Law is not valid in this context because absorbance
and concentration are not proportional (A 6∝ c), the dark-blue colour of the colloid
(Figure 3.38a) indicates that it contains more AuNPs than the pale-blue one (Figure 3.38b).
This is consistent with the higher concentrations employed here, which were about three
times higher for Au3+ as well as about doubled for N2H4, TSC and PVP. Based on the
findings discussed in Section 3.1.1, it is proposed that the AuTSC/N2H4/PVP particles are
sterically stabilised by a layer of non-ionic PVP while the TSC mainly provides the AuNP
with a negative surface charge at pH 1–7.
To evaluate the pH stability of the colloidal AuTSC/N2H4/PVP particles, the pH was adjusted
to 2.6. This pH is just below the IER of wool where the wool surface has a net positive
surface charge and where wool should take up negatively charged AuNPs. Upon pH
adjustment, the colour of the colloid remained unchanged indicating that the colloidal
AuTSC/N2H4/PVP particles were sufficiently stabilised against agglomeration. This finding is
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Figure 3.40: TEM images of blue AuTSC/N2H4/PVP.
consistent with the pH stability of AuTSC colloids (Figure 3.5, page 68). The as-produced
blue AuTSC/N2H4/PVP colloids were then used to colour wool via electrostatic interaction
(Section 5.2.1).
Prior work has reported multi-branched gold nanostructures that absorb at wavelengths
about 550–600 nm and that produce blue colloids.[246,247] Those investigations commonly
use CTAB as an effective growth-directing agent but which was avoided in the current
research (see Section 3.2.2). Hence, the work presented in this thesis used an approach that
does not need CTAB to produce blue, multi-branched gold nanostructures. The method
reported by Jeong et al.[245] was modified by increasing the reagent concentrations in
order to yield a deeper colour through higher particle concentrations. The higher reagent
concentrations indeed yielded a deeper but ‘dirty’ blue colour indicating a higher AuNP
concentration and significant polydispersity. The system is stable between pH 2.6–9.2
attributed to the stabilising layers of PVP and TSC (dicussed in Section 3.1.1). These
findings confirm and expand the results reported by Jeong et al.[245] The current study
demonstrates that the method discussed here leads to blue colloids without CTAB and
that 40 mL batches are achieved fast and simply. Most remarkably, this is the first study
to my knowledge to investigate the pH stability of the AuTSC/N2H4/PVP system. The results
provide evidence that blue AuTSC/N2H4/PVP particles are an attractive candidate for wool
colouration.
As was evident, the nanostructures’ growth kinetics were not effectively controlled which
led to a polydisperse system consisting of ill-defined, humped shapes. This outcome could
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be because of four major reasons:
(1) The N2H4·H2O solution used in this research is likely more than 20 years old.
Although the reduction of Au3+ to Au0 was facilitated immediately, the N2H4
solution would be wet and/or expired, influencing its reaction potential. In order to
gain enhanced control over the AuNP morphology, the repeat of the experiments
with freshly purchased chemicals is recommended.
(2) TSC and PVP are effective stabilisers for AuNPs as demonstrated by e.g. AuTSC. Here,
they stabilise efficiently against particle aggregation but disregard particle growth
due to low capping ability. Although, TSC and PVP were used in stoichiometric
excess the Au–N2H4 redox system might demand higher concentrations for more
homogeneous growth of anisotropic particles.
(3) As learnt from the synthesis of AuNRs (Section 3.2.2), the laboratory temperature
has a major influence on size control and shape uniformity. In order to exercise
control over the reaction kinetics, it is recommended to repeat the experiment using
a double-walled reaction vessel as displayed in Figure 3.27.
(4) While the ‘dirty’ dark-blue sample was examined as synthesised, Jeong’s sample was
washed prior to examination by repeated centrifugation and redispersion. If other
particle shapes with smaller surface area were present then they were most likely
selectively removed by the spin–wash cycles (see also Section 3.2.2.2).
Other influences on the poor shape control could have been the injection speed of N2H4.
Jeong et al.[245] describes that the solution was ‘quickly injected’ which is subjective and
might not have been imitated accordingly by the experimenter but can be managed by
using a syringe pump as demonstrated in Section 3.2.1. Thus, future work should be
designed to gain kinetic control over the anisotropic particle growth which consequently
should result in ‘clean’ colours.
3.3 Summary
In summary, the reproduction of red AuTSC, AuTA, AuOLA and AuCHT, and blue AuNRs
and AuTSC/N2H4/PVP colloids was successful. The respective findings agree with those
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reported in the literature. The reproduction of blue AuBSPP was unsuccessful but purple
AuBSPP colloids were obtained. The work presented here shows that
(1) AuTSC, AuTA, AuOLA and AuCHT colloids are similar systems. The syntheses are
performed in a one-pot, one-step approach by mixing the Au3+ precursor with the
respective reductant that also acts as a stabiliser. The AuNPs are spherical where the
AuOLA particles have the smallest average diameter and highest monodispersity. The
colloids are bright red where the OLA in combination with ethanol produces colloids
with the highest AuNP yield (25% higher absorbance than for AuTSC, AuTA and
AuCHT colloids). The ZPs are negative for AuTSC and AuTA particles and positive
for AuOLA particles. The pH stability for AuTSC and AuTA colloids is moderate while
AuOLA colloids have a pH-independent stability. All four systems are attractive
candidates for wool colouration via electrostatic interaction.
(2) purple AuBSPP is a result of the attempts to reproduce blue AuBSPP. The colloids
are produced in a one-pot approach by mixing the Au3+ precursor with TSC, BSPP
and H2O2. The optical properties are tuned from red to purple by increasing the
injection rate of the H2O2. However, the AuBSPP colloids were not pursued further
as wool colourants.
(3) the synthesis of AuNRs is performed in a three-step method that requires experience.
The optical properties are tunable in according to the aspect ratio of the anisotropic
particles. The ZP of AuNRs is positive. The CTAB is required in the synthesis but
is difficult to extract and complicates the characterisation of AuNPs.
(4) blue AuTSC/N2H4/PVP colloids are produced in a one-pot, one-step approach by mixing
the Au3+ precursor with TSC, PVP and N2H4. The particles are anisotropic and
have negative ZPs. The colloids exhibit good pH-stability and are a candidate for
wool colouration via electrostatic interaction.
Overall, the knowledge gained from the new studies of previously reported AuNPs sys-
tems provides the basis for developing new systems and deeper understanding of the
physicochemical properties of colloidal AuNPs.
112
Chapter 4
Nanogold synthesis II:
Development of new synthesis methods of gold
colloids for the production of nanogold–wool
composites
In the course of this work, three new methodologies to synthesise AuNPs with benefi-
cial properties for the production of nanogold–wool composites were developed. The
methodologies produce (1) red AuNPs which are electrostatically stabilised by a layer
of sulfate ions, (2) red AuNPs with a specifically designed surface functionality, which
can likely covalently react with the functional surface groups of wool, and (3) purple and
blue multi-branched AuNPs in a one-step, one-pot approach. Those three systems are
described below.
4.1 Nanogold produced by reduction with sodium metabisulfite
(AuNa2S2O5)
The current investigation involved developing colloidal AuNa2S2O5 particles which are red
and stabilised by a layer of sulfate ions. The water-soluble polymers PMA (polyanionic)
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and PVP (non-ionic) were employed as capping agents to enhance the stability of the
labile AuNa2S2O5 colloids.
4.1.1 Synthesis
The experimental details are summarised in Table 4.1. Typically, a HAuCl4 solution
(0.164 wt% Au3+ (≈ 0.01 mol L-1), in H2O, pH = 2.4) was mixed with distilled water.
Into this HAuCl4–water solution, a Na2S2O5 solution (2 g L-1 (≈ 0.01 mol L-1), in H2O)
was then injected. The mixture was thoroughly stirred and left to react at RT. Where
mentioned, solutions of PMA (10 g L-1, in H2O) or PVP (5 g L-1, in H2O) were added to the
HAuCl4–water solution before the injection of the Na2S2O5 solution. The mixtures turned
slowly blue and finally red indicating AuNP formation. The colloids were characterised
using visible absorption spectroscopy and pH measurements.
Table 4.1: Synthesis details for AuNa2S2O5 colloids.
Method A B C D E F G H
H2O/mL 25 25 25 60 60 60 60 60
Au3+/mL 0.5 0.5 0.5 1 1 1 0.05 0.05
Na2S2O5/mL 0.3 0.4 0.5 1 0.8 1 0.04 0.05
PMA/mL 0 0.4 0 0 0.8 0 0.04 0
PVP/mL 0 0 0.5 0 0 1 0 0.05
Temperature/◦C RT RT RT 60 60 60 RT RT
Time/h 17 17 17 0.5 1.5 0.5 15 15
4.1.2 Results and discussion
Data obtained in previous studies[248,249] indicated that sulfate ions are adsorbed on the
surface of AuNPs providing electrostatic stabilisation to the particles. According to
Davis et al.,[249] the stabilising capacity of SO2–4 ions produced in the reduction of Au3+
with sodium thiosulfate (Na2S2O3) was too low to prevent particle aggregation. In the
current investigation, a methodology for the synthesis of stable AuNa2S2O5 particles was
developed. This method was then modified and improved by using PMA and PVP to
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produce (1) nanogold produced by reduction with sodium metabisulfite and stabilisation
with poly(methacrylic acid) (AuNa2S2O5/PMA), and (2) nanogold produced by reduction
with sodium metabisulfite and stabilisation with polyvinylpyrrolidone (AuNa2S2O5/PVP).
The optical properties of these AuNP systems were characterised and compared with
each other. Figure 4.1 shows the visible absorption spectra for the products from the
methods A–C summarised in Table 4.1.
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AuNa2S2O5/PVP (red) colloids synthesised
according to methods A–C in Table 4.1.
Spectra were recorded after samples had
aged for five months at RT with exposure
to light. The inset shows a red AuNa2S2O5
colloid after aging for 1 h. The colour is
essentially identical to that of a sample
aged for 5 months.
As is evident from Figure 4.1, the absorbance maxima were located at 530–536 nm
indicating spherical AuNPs. The LSPR peaks of AuNa2S2O5/PMA and AuNa2S2O5/PVP were
red-shifted by 3–6 nm compared to AuNa2S2O5 . This redshift indicates a change of the
local dielectric environment of the AuNPs due to the conjugation of the AuNP surface
with the PMA and PVP.[250] The absorbances at λmax = 533 nm for AuNa2S2O5/PMA and
AuNa2S2O5/PVP were about 25% and 21% higher, respectively, than for AuNa2S2O5 . This
implies that the polymers may have acted as co-reductant to Na2S2O5 and increased the
yield of the AuNPs.[251] The asymmetric shape of the LSPR band of AuNa2S2O5 indicates the
presence of larger particles with a greater size distribution, whereas the symmetric peaks of
AuNa2S2O5/PMA and AuNa2S2O5/PVP indicates a narrower size distribution of particles with a
slightly smaller average diameter. This suggests that PMA and PVP are efficient capping
agents and support homogeneous particle growth. The well-defined peak shapes, after five
months ageing, demonstrate an excellent long-term stability of all three systems.
Although the optical properties of AuNa2S2O5 were in agreement with those of nanogold
produced by reduction with sodium thiosulfate (AuNa2S2O3) reported by Davis et al.,[249]
it was noted that the ratios of Au3+:reductant used were different. According to Davis
et al.,[249] the Au3+:Na2S2O3 ratio of 10:3 used in the synthesis slightly exceeded the molar
ratio of 8:3. In the current work, the optimal Au3+:Na2S2O5 ratio was found to be 1:1
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indicating that Na2S2O5 is a weaker reductant than Na2S2O3. Moreover, this finding
indicates that the optimal reaction conditions for AuNa2S2O5 require a slight stoichiometric
undersupply of Na2S2O5 as shown below [Equation (4.4)].
The stoichiometry of the redox reaction that leads to the formation of AuNa2S2O5 is
proposed as follows: As detailed in Equation (4.1), Na2S2O5 decomposes in water to
sodium hydrogensulfite (NaHSO3) which then reacts with Au3+ in a redox reaction.[52]
Na2S2O5(s) + H2O(l) −→ 2 Na+(aq) + 2 HSO−3 (aq) (4.1)
In the redox reaction, the HSO–3 ions are oxidised to sulfate (SO2–4 ) ions releasing two
electrons while Au3+ is reduced to Au0 consuming three electrons. The half-reactions are:
HSO−3 (aq) + H2O(l) −→ SO2−4 (aq) + 3 H+(aq) + 2 e− (4.2)
Au3+(aq) + 3 e− −→ Au(s) (4.3)
The overall reaction stoichiometry of a Au3+:Na2S2O5 molar ratio of 4:3 is given by
4 Au3+ + 3 Na2S2O5 + 9 H2O −→ 4 Au + 6 Na+ + 6 SO2−4 + 18 H+ (4.4)
Although AuNa2S2O3 and AuNa2S2O5 appear to be similar systems, a substantial difference
was noted with respect to the stability of the colloids. Whereas the AuNa2S2O3 particles
reported by Davis et al.[249] agglomerated within 15 min after synthesis, the AuNa2S2O5
particles from the current work were stable for at least 5 months as discussed above
(Figure 4.1). This indicates that the approximately twofold greater concentration of sulfate
ions relative to Au3+ ions used in the current work conferred long-term stability to the
AuNPs. This also indicates relatively strong interaction between the sulfate ions and the
metal surface which is consistent with results reported by Cumberland and Strouse.[248]
To reduce the reaction times for the synthesis from 17 h at RT (methods A–C), the reaction
temperature was increased to 60 ◦C which resulted in the methods D–F. As is expected,
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the higher reaction temperature substantially reduced the reaction times to 0.5 and 1.5 h,
respectively. The optical properties of the as-synthesised AuNP colloids were essentially
identical to those produced at RT. This indicates that the evolution of the final particle
size and shape is independent from the reaction temperature. Furthermore, the long-term
stability of the colloids produced at 60 ◦C was identical to that of the colloids produced at
RT. This strongly suggests that both reaction temperatures produce colloidal AuNPs that
are in thermodynamic equilibrium.
To understand the influence of PMA and PVP on the optical properties of the new
AuNP systems, the absorbances of AuNa2S2O5/PMA and AuNa2S2O5/PVP were studied as a
function of the particle concentration. In order to increase the AuNP concentrations, the
reagent concentrations were increased by factors of two, four and six. Figure 4.2 shows the
visible absorption spectra of AuNa2S2O5/PMA and AuNa2S2O5/PVP for four different AuNP
concentrations.
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Figure 4.2: Concentration-dependent visible spectra of (a) AuNa2S2O5/PMA and
(b) AuNa2S2O5/PVP colloids synthesised according to methods G and H described in Table 4.1.
The reagent concentrations were increased by factors of two (red), four (grey) and six (blue)
for increasing AuNP concentrations.
As can be seen, both systems have in common that the LSPR bands are monomodal and
symmetric. This indicates that the colloids contain spherical AuNPs with a narrow size
distribution. As is expected, the absorbance increases with increasing AuNP concentration.
The LSPR bands are located at 521 nm for the AuNa2S2O5/PMA and at 537 nm for the
AuNa2S2O5/PVP. This spectral shift of 16 nm indicates that the AuNa2S2O5/PVP particles have
a significantly larger diameter than the AuNa2S2O5/PMA particles.[101] The finding suggests
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Figure 4.3: Absorbance increases
of AuNa2S2O5/PMA (Figure 4.2a) and
AuNa2S2O5/PVP colloids (Figure 4.2b) as a
function of the Au3+ precursor concen-
trations. The absorbances were read at
λmax = 521 nm for AuNa2S2O5/PMA and
537 nm for AuNa2S2O5/PVP. The trendlines
indicate a non-linear relationship between
increasing absorbances and increasing pre-
cursor concentration.
that PMA is a better size-controlling capping agent than PVP. Moreover, the absorbances
of the AuNa2S2O5/PVP colloids are significantly higher than those for their AuNa2S2O5/PMA
counterparts. The finding provides evidence that the conversion rate of Au3+ to Au0 is
enhanced by the capping agent and that this enhancement depends on the nature of the
agent.
The data in Figures 4.2a and 4.2b indicate that the steady increase of the absorbance at
λmax correlates with the increase of the precursor concentration. In order to study this
positive correlation, Figure 4.3 shows the absorbances at λmax from Figures 4.2a and 4.2b
as a function of the Au3+ precursor concentration and the trendlines that have the best fit
to the series of data points.
As shown, the relationship between AuNP absorbance and Au3+ precursor concentration
is non-linear and the Lambert–Beer Law is not valid here. The absorbances of the LSPR
bands of AuNa2S2O5/PVP were higher than those for the AuNa2S2O5/PMA, although the same
concentrations of Au3+ were employed in both systems. This can indicate that
(1) the PVP produced a higher yield of AuNP than the method using PMA. This is
consistent with the finding that PVP is able to reduce Au3+ to Au0 and would have
acted as co-reductant to Na2S2O5 here.[252] If both PVP and PMA were co-reductants
to Na2S2O5 then PVP appeared to have the higher reaction activity.[251]
(2) the AuNa2S2O5/PVP particles have a significantly larger scattering cross section than
the AuNa2S2O5/PMA particles due to a larger average size [Equation (1.5)]. A larger
scattering cross section results in a higher extinction cross section and ultimately in
a higher absorbance [Equation (1.6)].
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(3) the PVP changes the local dielectric environment of the AuNPs more than PMA.
According to Equation (1.6), a higher dielectric constant of the direct environment
around a NP results in an increased extinction cross section and subsequently in a
higher absorbance. The local dielectric environment can be altered by the polymer
itself but also by the number and density of layers that it forms around the NP.[145]
In order to clarify the implications of the results presented in Figure 4.2, further analyses
such as TEM are necessary. Nevertheless, these findings demonstrate that it is slightly
more economical to produce more concentrated colloids and that AuNa2S2O5/PVP colloids
are more intense in colour than AuNa2S2O5/PMA colloids using identical reaction conditions.
To determine the pH stability of the gold colloids produced according to the methods D–F,
the pH was adjusted from approximately 3.0–3.4 to 2.7 with dilute HCl. Based on this
approach, it was found that AuNa2S2O5 colloids changed colour from red to lilac indicat-
ing AuNP agglomeration. The colours of AuNa2S2O5/PMA and AuNa2S2O5/PVP remained
essentially identical indicating sufficient stabilisation by non-ionic PVP and polyanionic
PMA.[144,251] These results suggest that pure AuNa2S2O5 colloids may not be suitable to
produce nanogold–wool composites at pH 2.7 but that AuNa2S2O5/PMA and AuNa2S2O5/PVP
colloids could be.
Prior work has shown that AuNa2S2O3 agglomerated within 15 min after synthesis unless
stabilising agents were employed; Such et al.[144] and Alexandridis,[251] for example, report
PMA and PVP to be such agents. However, these studies did not consider Na2S2O5
as a reductant to produce AuNPs. In the current study, methodologies were developed
to synthesise stable AuNa2S2O5 at RT and at 60 ◦C, and to additionally stabilise such
AuNa2S2O5 with PMA and PVP.
The work presented here found that AuNa2S2O5 had a long-term stability of up to five
months due to electrostatic stabilisation by negatively charged SO2–4 ions adsorbing onto
the gold surface. Furthermore, PMA and PVP were found to inhibit agglomeration
of AuNa2S2O5 at pH 2.7. These findings extend those of Davis et al.,[249] confirming
that Na2S2O5 produces more stable AuNP than Na2S2O3 and that the use of polymeric
stabilising agents facilitates pH stability. In addition, the higher reaction temperature
provides for shorter reaction times. Therefore, this study identified that the pH-stable
AuNa2S2O5/PMA and AuNa2S2O5/PVP colloids are likely to be suitable for the colouration of
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wool. As demonstrates in Sections 5.2.1 and 6.2.1 the AuNa2S2O5 particles are used for the
fast and simple production of grey nanogold–wool composites and as starting material for
ligand exchange reaction.
Most notably, to my knowledge this is the first study to investigate the effectiveness of
Na2S2O5 as a reductant and stabiliser in AuNP synthesis. The results provide evidence
for higher AuNP yields in the presence of polymers. Future work should include the
determination of the average particle size and shape, and the determination of the ZPs
of the AuNPs to accurately predict the pH-dependent electrostatic interaction between
AuNPs and the wool surface.
4.2 Nanogold produced by reduction and stabilisation with N,N′-
cystinebisacrylamide (AuCiBA)
One research aim of this study was to develop a water-soluble ligand that covalently
links AuNPs to wool fibre surfaces (Section 1.1). Such a ligand is CiBA, a cystine
derivate unreported in the field of AuNP synthesis/functionalisation. CiBA was chosen
to be part of this investigation because of its abilities to simultaneously (1) reduce
Au3+ to Au0 by reduction of its disulfide bridge, (2) cap the freshly formed nanogold,
(3) provide electrostatic stabilisation with its ionised carboxylic and amino groups for
the colloidal AuNPs, and (4) be chemically reactive through its acryloyl group. CiBA is
not commercially available and had to be produced in-house. The synthesis of CiBA is
described in Section 2.1, Page 49, whereas AuCiBA is reported below.
4.2.1 Synthesis
AuCiBA was prepared by each of the two methods that following:
Protocol A Normally, 240 µL HAuCl4 (0.125 wt% Au3+, in H2O, pH = 2.4) was added
to 60 mL distilled water and thoroughly mixed with a plastic rod. The pH of this
mixture was 4.2. A volume of 70 µL of CiBA (10 mM, in H2O, pH = 8.6) was added
with stirring. The mixture was heated at 50 ◦C in a waterbath for 2 h before being
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allowed to cool to RT. During this time the colour turned from blueish-lilac-purple
to a final pink colour, indicating AuNP formation. The final pH was 3.9. To produce
more concentrated colloids, the reagent volumes were increased by the factors of two
and four. The total volume was kept at 60 mL by reducing the quantity of H2O. For
example, 960 µL HAuCl4 (0.125 wt% Au3+, in H2O, pH = 2.4) and 280 µL CiBA
(10 mM, in H2O, pH = 8.6) were mixed with 59 mL distilled water. The final pH of
the colloid was 3.6.
Protocol B Five identically prepared colloids with 58.5 mL distilled water, 960 µL
HAuCl4 (0.125 wt% Au3+, in H2O, pH = 2.4) and 560 µL CiBA (10 mM, in H2O,
pH = 8.6) were separately treated for 2.5 h at 23, 40, 50, 80 ◦C and boiling point,
respectively. While the plastic containers used for the first 4 samples withstand
temperatures up to 80 ◦C, the 5th sample was refluxed in a round-bottom flask with
an attached condenser. The typical pH of such colloids was 3.5 but varied slightly,
depending on the concentrations of acidic and basic reagents.
The AuCiBA particles were studied with visible absorption spectroscopy, TEM, ZP and ZS
measurements.
4.2.2 Results and discussion
In the current work, a methodology for the production of red AuCiBA colloids was developed.
The optical properties of those particles were characterised by visible absorption spec-
troscopy and TEM. The particles were also charactersied with ZP and ZS measurements.
Figure 4.4 shows the optical properties of the AuCiBA particles. As can be seen in Figure 4.4a,
the colloids are bright-red indicating spherical AuNPs. As is expected, the colour intensity
increases with increasing Au3+ precursor concentration indicating progressively increasing
AuNP concentrations. Figure 4.4b shows that the visible absorption spectrum of colloid C
in comparison to AuOLA, AuTA and AuTSC colloids with identical precursor concentrations.
The LSPR band of AuCiBA is located at 524 nm which is consistent with the red colour
of the colloid. The symmetric and relative narrow peak shape indicates monodisperse
particles. The absorbance of the CiBA colloid is the lowest of the four AuNP systems
121
A B C
240 µL 480 µL 960 µL
(a) Pink and red AuCiBA colloids where the
colour is a function of AuNP concentration.
The samples were synthesised at 50 ◦C within
2 h and contained initially 240 µL, 480 µL
and 960 µL HAuCl4, respectively.
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(b) Visible spectra of red AuNPs col-
loids: AuOLA (black, pH 5.2), AuTSC (green,
pH 2.7), AuTA (blue, pH 2.7) and AuCiBA
(red, pH 3.0). All samples contained initially
240 µL HAuCl4 each.
Figure 4.4: Optical properties of AuCiBA produced according to protocol A.
which strongly suggests that CiBA has the lowest chemical reduction potential out of the
reducing agents compared here.
The absorbance maxima and pH values of the AuCiBA colloids A–C are summarised in
Table 4.2. The LSPR bands were located at 517 nm (A and B) and at 524 nm (C). The
positions of the LSPR bands indicate that samples A and B contained particles with smaller
mean sizes than C. This finding implies that the average AuCiBA particle size is a function of
the precursor concentration where lower concentrations produce smaller average sizes. The
absorbances at λmax almost increase linearly with increasing precursor concentration which
is consistent with the deepening of the colour of the colloids (Figure 4.4a). As is expected,
the pH values of the colloids decreased with increasing acid (HAuCl4) concentration.
Table 4.2: LSPR bands (λmax) and pH values for colloids A, B and C synthesised according
to protocol A.
Colloid A B C
HAuCl4/µL (0.125 wt% Au3+) 240 480 960
λmax/nm 517 517 524
Absorbance 0.1 0.19 0.49
pH 3.9 3.6 3.3
Figure 4.5 shows the results obtained using TEM. The AuCiBA particle are spherical,
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fairly monodisperse and generally smaller than 50 nm (Figure 4.5a). This result is
consistent with the visible absorption data (Figure 4.4b). The particles are polycrystalline,
multiply twinned and the sizes of a few singled-out particles range between 17 and 32 nm
(Figure 4.5b). The average particle diameter was 28 nm with a σ of 5 (Figure 4.6). The
colloids contain minor amounts of other particle shapes, such as thin, monocrystalline
plates (Figure 4.5c). As is evident from the monomodal visible absorption spectrum
(Figure 4.4b), the optical properties are determined by the predominant number of the
spherical particles of 20–30 nm. The particles are encapsulated by a continuous, 1–1.5 nm
thin layer of CiBA that is low in contrast due to its organic nature (Figure 4.5d). This
result shows that the physicochemical surface properties of AuCiBA are determined by
the capping agent. Interestingly, the CiBA-stabilised particles are about half the size of
cystine-capped particles.[253] This indicates that CiBA is more growth-restricting than
cysteine/cystine due to a stronger Au–CiBA interaction. A comparative study of cystine
and CiBA capped AuNPs could clarify if the observed size variation is related to (1) the
Au:reductant ratio, (2) pH choice, or (3) if CiBA might have better stabilising properties
than cysteine/cystine.
To gain information about the mean particle size in the bulk solution, ZS measurements
were conducted. However, the data were inconclusive and are not presented here. This
decision was based on the quality reports, generated by the software of the DLS instrument,
that indicated that samples were too dilute. Attempts to increase the AuNP concentration
by removing solvent failed.
The formation mechanism of AuCiBA was systematically investigated at 23, 40, 50, 80
and 100 ◦C according to method C. However, the attempt to produce AuCiBA at boiling
point failed. Despite a colour change from colourless to red after approximately 2 min
refluxing (indicating AuNP formation), the colour rapidly faded and black stains appeared
on the glass. This indicated the formation of large AuNP agglomerates and that CiBA
may decompose at temperatures above 80 ◦C.
The colloids synthesised at 23, 40, 50, 80 ◦C were stable and characterised by ZP measure-
ments and visible absorption spectroscopy (Figure 4.7). As can be seen in Figure 4.7a, the
ZPs varied considerably and shifted from largely positive values to largely negative values
with increasing reaction temperature. The ZP distribution of the system changes from
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Figure 4.5: TEM images of AuCiBA. (a) Low magnification, (b) spheroidal particles of ≈ 17–
32 nm, (c) a variety of single-crystalline plates and multiply twinned spheroids, (d) particles
surrounded by a 1–1.5 nm thick layer of CiBA.
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Figure 4.6: Histogram of AuCiBA parti-
cle diameter distribution. The average
diameter was 28 nm with σ = 5.
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(b) Visible spectra of AuCiBA.
Figure 4.7: ZPs and visible spectra of colloidal AuCiBA particles (pH 3.5). All samples contain
identical concentrations of chemicals but the reaction temperatures were 23 ◦C (blue), 40 ◦C
(red), 50 ◦C (green) and 80 ◦C (black).
bimodal at lower temperature to monomodal at higher temperature. This suggests that the
ZPs at lower reaction temperatures are determined by CiBA-derivates on the gold surface
that contain positively charged amino groups as well as negatively charged carboxylic
and thiol groups. The ZPs at higher reaction temperatures are determined by negatively
charged carboxylic and thiol groups only. This finding indicates that the oxidation of CiBA
results in a complex mix of reaction products which formation depends on the reaction
temperature. The visible absorption data are shown in Figure 4.7b. The LSPR bands are
located at 520 nm for all samples. This indicates that the particle size of the spherical
AuCiBA particles is independent from the reaction temperature. The absorbances increase
progressively with increasing reaction temperature from approximately 0.06 (23 ◦C) to
0.18 (80 ◦C). This is consistent with increasing reaction rates for increasing reaction
temperatures. The results indicate that CiBA is a weak reducing agent and that higher
temperatures yield higher AuNP concentrations due to a faster oxidation rate of CiBA.
This is consistent with the results obtained for other weak reducing agents, such as TSC.
Unlike CiBA, TSC is stable at temperatures above 80 ◦C.
To obtain information about the surface chemistry of AuCiBA, NMR, FT-IR and mass
spectrometry (MS) data were collected. However, the concentration of AuNPs in the
synthesised colloids was too low for measurement. Attempts to concentrate the samples
resulted in agglomeration. This is consistent with results obtained for cystine-capped
AuNPs[253] and indicates that CiBA is a stabiliser that is bound to the gold surface rather
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Figure 4.8: Possible reduction and oxidation products of disulfides as found in CiBA including
the oxidation numbers of sulfur.[254]
weakly.
Based on the collected data, it is proposed that the formation of AuCiBA involves the
reduction of Au3+ to Au0 and the reduction as well as oxidation of the disulfide bond of
CiBA. Although the exact reduction and oxidation products of CiBA remain unknown,
some possibilities are shown in Figure 4.8. As can be seen, the disulfide bond can oxidise
to thiosulfinate, thiosulfonate, disulfide trioxide, disulfone and sulfonic groups.[254] The
reduction of the disulfide bond is accompanied by bond cleavage which results in two moles
of cysteine acrylamide (thiol). Subsequent oxidation of the cysteine acrylamide’s thiol
group can lead to sulfenic, sulfinic and sulfonic groups.[254] In the current investigation, it
is believed that complex redox processes occur simultaneously and that electrons released
during these processes facilitate the formation of AuNPs. Because AuCiBA appears to be
electrostatically stabilised, individual AuNPs are likely capped by excess CiBA as well as
a variety of CiBA’s reduction/oxidation products with groups that ionise.
It is possible that the reduction/oxidation products of CiBA adsorb onto the gold surface
via the sulfur atom or via the oxygen species while the hydrated tails interact with the
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Figure 4.9: Schematic illustration of possible stabilisation mechanisms of a AuNP with CiBA.
The CiBA molecules can adsorb on AuNPs surfaces via sulfur or oxygen species.[8,248] Based on
the results of Zhu et al.[255] and in Section 6.1, a relatively weak O–Au interaction appears
more likely than a strong S–Au interaction. The acryloyl group with its α,β-unsaturated double
bond is then able to react with other species such as the amino acid residues of wool.
water phase.[8,248] Possible results are schematically illustrated in Figure 4.9.
The illustration of Figure 4.9 is oversimplified. It must be assumed that continuous
exchange reactions between adsorbed molecules and free molecules occur in the mother
solution. Consequently, great heterogeneity in surface coverage will dominate.[256,257] The
findings, that AuCiBA particles agglomerated when removed from the mother solution and
when taken up by wool fibres (Section 6.1), suggest that CiBA is not associated to the
gold surface via strong sulfur–gold bonds.[191,258]
As discussed earlier, the literature contains a vast amount of methodologies that produce
AuNPs by reduction and stabilisation with a single agent. For example, TSC produces in
a one-step, one-pot approach AuNPs that exhibit similar optical properties and stability
to AuCiBA particles (Section 3.1.1). However, TSC is missing reactive groups to covalently
link AuNPs to wool fibre surfaces. To fill this gap, AuCiBA with its acryloyl group was
specifically developed to link AuCiBA via electrophilic addition to primary amines or thiols
on wool fibres.
The current work newly developed a methodology for the synthesis of AuCiBA in a simple
one-step, one-pot approach. The optimum reaction temperature is 80 ◦C. The CiBA
produces stable, red AuCiBA colloids with spheroidal, polycrystalline particles of about
30 ± 10 nm. The TEM provides evidence that CiBA forms a continuous capping layer
around each particle and determines the ZPs of the AuNPs depending on the reaction
temperature as well as pH. The proposed formation mechanism (Figure 4.9) shows that it
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is the splitting of the disulfide bond in CiBA and subsequent oxidation of the exposed
thiols that is thought to facilitate the formation and capping of AuNPs.
The current study expands the range of water soluble, spheroidal AuNPs that are syn-
thesised in one-step, one-pot. Furthermore, this work studied the optical properties of
AuCiBA as a function of the reaction temperature where the optimal reaction temperature
is 80 ◦C. Most noteworthy, to my knowledge this is the first study which investigates
the effectiveness of CiBA in the synthesis of nanogold. The results provide convincing
evidence for a previously unknown red gold colloid with reactive acryloyl groups. Future
work should include advanced sample preparation to study the surface chemistry of CiBA
with NMR, FT-IR and XPS. Thermal decomposition of CiBA and/or AuCiBA with MS,
thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) should
also be investigated.
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4.3 Nanogold produced by reduction and stabilisation with chi-
tosan (AuCHT)
CHT has been used in wool finishing and the synthesis of AuNPs (Sections 1.1.1.4
and 1.1.3.3). As demonstrated in Section 3.1.4, AuCHT colloids exhibit ‘clean’ red colours
and are produced in a simple one-step, one-pot approach. The work below addresses a
new synthetic method for purple and blue AuCHT as an alternative to AuNRs.
4.3.1 Purple nanogold produced by reduction and stabilisation with chitosan
(AuCHT)
4.3.1.1 Synthesis
The preparation of bright purple AuCHT was performed in aqueous media by reducing
Au3+ with N2H4 in the presence of CHT. In a typical synthesis, 10 mL of colloidal AuCHT
was synthesised by thoroughly mixing a defined amount of distilled water with varying
volumes of CHT (2 g L-1, in H2O, pH adjusted with acetic and hydrochloric acid to 3.5
to dissolve the CHT, MWCHT 100–300 kDa), HAuCl4 solution (0.15 wt% Au3+, in H2O,
pH = 2.5) and N2H4 solution (0.1 mol L-1, in H2O), and left undisturbed at RT (20 ± 2 ◦C)
for 15 min. Further experimental details are given in Table 4.3.
Table 4.3: Synthesis details for purple AuCHT colloids.
Method A B C D E
H2O/mL 0 4.8 4.6 4.2 55
CHT/mL 10 5 5 5 2
HAuCl4/mL 0.20 0.20 0.20 0.20 1.20
N2H4/mL 0.10 0.20 0.40 0.80 2.40
Temperature/◦C 20 20 20 20 20
Time/h 48 48 48 48 0.25
V total/mL 10.3 10.2 10.2 10.2 60.6
These one-pot, one-step methods produced bright purple AuCHT colloids with pH values
between 3.5 and 4.5.
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(a) Colour becomes more purple with in-
creasing N2H4 concentration.
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Figure 4.10: Optical properties of purple AuCHT.
4.3.1.2 Results and discussion
Data obtained in Section 3.1.4 showed that red AuCHT colloids were produced at elevated
temperature and that the colour originates from isotropic particles.
In the study discussed here, purple AuCHT colloids are obtained at RT by using N2H4. As
is evident from Table 4.3, the optimisation of the method E was based on the individual
adjustment of the concentration ratios of HAuCl4, CHT and N2H4 instead of simply
multiplying by a constant factor to scale up to larger volumes. This adjustment was
necessary because an increase in the solvent volume resulted in little control over the
reaction kinetics and hence, unstable colloids. Method E demonstrates that N2H4 is a
powerful reducing agent and produced 60 mL purple colloid within 15 min under optimised
conditions. Nevertheless, the results suggest that the production of purple AuCHT colloids
is straightforward.
In order to relate the purple colour of the colloids to the morphology of the particles, the
samples were characterised with visible absorption spectroscopy and TEM. Figure 4.10
shows the optical properties of the colloids A–D.
As can be seen, the colours of the colloids range from red to purple and shift gradually
with increasing N2H4 concentration (Figure 4.10a). This indicates a gradual change of the
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size and shape of the colloidal particles due to particle agglomeration, increase of particle
sizes and/or the slow evolution of anisotropic particles. The colour change is consistent
with the steady red-shift of the LSPR bands from 543 nm to 582 nm (Figure 4.10b). The
shape of the LSPR bands gradually changes from asymmetric (A) to more symmetric
(D) with increasing N2H4 concentration. This indicates that the particles become slightly
more monodisperse with higher N2H4 concentration. The spectrum of sample D shows a
transverse LSPR band at about 543 nm and the beginning of a longitudinal LSPR band
at 582 nm. This indicates that sample D contains anisotropic particles of low aspect ratio.
Overall, the findings indicates that the particle morphology gradually changed from mainly
spheroidal (A) to predominantly anisotropic (D). Moreover, the results suggest that the
change in particle shape and colour is a function of the N2H4 concentration.
Figure 4.11 shows TEM images of purple AuCHT particles synthesised according to
method E. As can be seen, the particles are a mixture of isotropic (Figure 4.11a) and
anisotropic nanostructures (Figure 4.11b). This finding is consistent with the optical
properties of the AuCHT particles shown in Figure 4.10. The spheroidal particles have
an estimated average size of 10–15 nm. According to Figure 1.17 (page 27), AuNPs of
this size and shape exhibit an LSPR band at approximately 520 nm. Because there is no
such peak prominent in the visible absorption spectrum of the colloid (Figure 4.10b), it is
assumed that the spheroidal particles are present in minor amounts. This suggests that the
optical properties of the purple colloids are mainly determined by the anisotropic particles.
The result demonstrates that the N2H4 significantly influences the reaction kinetics of the
AuCHT system while CHT appears to direct the growth of the branches. Furthermore, the
higher the N2H4 the more inhomogeneous the particle growth and the higher the yield of
multi-branched particles. A more detailed discussion about the formation of anisotropic
AuCHT particles and the role of CHT as capping agent is provided in Section 4.3.2.
CHT is a polycationic capping agent that provides AuNPs with a positive ZP of over
+30 mV.[235] This is consistent with the findings obtained in the current study. Here,
AuCHT colloids exhibited excellent stability due to the steric stabilisation of the AuNPs
of CHT. The results indicate a relative strong Au–CHT interaction and suggests that
CHT also can act as a growth directing agent. As described in Section 1.1.3.3, capping
agents coordinate generally to certain particle crystal faces leaving other faces exposed for
selective particle growth. This agrees with the results obtained by TEM (Figure 4.11b)
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(a) Spheroidal AuCHT. (b) Irregular shaped AuCHT.
Figure 4.11: TEM images of purple AuCHT particles synthesised according to method E in
Table 4.3.
showing irregular shaped AuCHT particles due to selective growth.
Prior work has documented the effectiveness of CHT as a reductant and stabiliser for AuNPs
when using reaction temperatures between 50–100 ◦C (Section 3.1.4). However, these
studies have focused on red AuCHT systems without exploring possible shape modification
concomitant with possible colour changes of the colloids. The current investigation studied
the extent to which highly reactive N2H4 influences the growth kinetics of AuNPs at 20 ◦C
while CHT directs the growth of the AuNP nuclei and prevents particle agglomeration.
Here, it was found that N2H4 is essential to achieve purple AuCHT at 20–50 ◦C. These
findings extend those of other studies, confirming that CHT is a capable stabiliser and
that the introduction of N2H4 into a AuCHT system produces a variety of shapes associated
with a considerable redshift of the LSPR bands. In addition, the LSPR shift is directly
related to the N2H4 concentration in the reaction solution. The more N2H4 used, the more
irregular the growth of the AuCHT particles. Furthermore, by using a considerable excess of
N2H4, the reaction time was considerable reduced to 15 min. This study therefore indicates
the method developed here may be used to produce purple AuCHT–wool composites.
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4.3.2 Blue nanogold produced by reduction and stabilisation with chitosan
(AuCHT)
4.3.2.1 Synthesis
The experimental details of such syntheses (samples A–H) are summarised in Table 4.4.
In a typical synthesis, a CHT solution (8 g L-1, in H2O, pH adjusted with acetic and
hydrochloric acid to 2.9 to dissolve the CHT, MWCHT 2–3 kDa,) was mixed with distilled
water in a plastic beaker. Upon the injection of a HAuCl4 solution (0.125 wt% Au3+, in
H2O, pH = 2.4), a N2H4 solution (0.1 mol L-1, in H2O) was then added. The mixture
was thoroughly stirred. The pH of this colourless, transparent mixture was measured and
adjusted. The mixture was left undisturbed in an oven at 23–25 ◦C for a specified time for
slow growth of AuCHT with different sizes and morphologies.
Table 4.4: Synthesis details for blue AuCHT colloids.
Method A B C D E F G H
H2O/mL 57 56 55 29 28.5 28.5 28 27.5
CHT/mL 2 2 2 0.1 0.5 1 1 1
Au3+/µL 480 960 1920 240 240 240 480 960
N2H4/mL 0.5 0.5 0.5 1 1 0.5 0.5 0.5
pHmixture 3.8 3.8 3.7 4.2 3.7 3.5 3.4 3.3
pHadjusted 3.3 3.3 3.3 — — — — —
Time/h 51 51 51 91 91 89 89 89
The methods produced blue AuCHT colloids that are stable for at least two weeks at RT
and can be diluted with distilled water without inducing aggregation. The pH and visible
absorption spectra of the colloidal samples were measured. For TEM characterisation,
the samples were centrifuged in 15 mL centrifuge tubes at 3,000 RCF with an Eppendorf
Centrifuge 5702 R at 20 ◦C for 90 min. The supernatant∗ (14.5 mL) was discarded. The
dark AuCHT pellet was then redispersed in 1 mL of distilled water, sonicated for 3 min and
centrifuged at 3,000 RCF at 20 ◦C. Such spin–wash cycles were carried out 3 times. The
centrifugation times were twice for 90 min and finally for 30 min. Prolonged centrifugation
in the final step caused the colloid to collapse. Finally, the dense nanogold pellet was
∗Supernatant was lightly coloured due to dispersed particles which did not sediment.
133
readily redispersed in 300 µL distilled water. To prevent the particles become in-dispersible
in water, samples were acidified with acetic acid (0.05 mol L-1). This ionises the RNH2
groups of CHT (capping agent of AuNPs), increasing dispersibility.
4.3.2.2 Results and discussion
In the current study, blue as well as turquoise, lilac and red AuCHT were produced by
using N2H4 and CHT at 23–25 ◦C. Table 4.5 summarises the colours, λmax and pH values
for the samples produced by methods A–H.
Samples A–C were produced by varying their initial Au3+ concentration and adjusting
their pHs to 3.3 before the mixed reagents were allowed to react. Figure 4.12a illustrates
that the blue colour deepens with increasing Au3+ concentration indicating that higher
precursor concentrations produce higher AuNP concentrations. It is also observed that B
is rather lilac than blue. Figure 4.12b shows that the maximal LSPR absorbances occur at
598 (A), 589 (B) and 610 nm (C), respectively. The LSPR bands are very broad and red-
shifted which indicates particle agglomeration and/or anisotropic particles. As is evident
from the TEM images of sample B (Figure 4.13), the particles are indeed anisotropic and
consist mainly of large multi-branched structures (spherical body with nanoprotrusions)
and spheroidal particles. Such anisotropic structures exhibit multiple LSPR modes that
appear here to have blended together.[259] Although the arrow in Figure 4.12a indicates
that the absorbance increases with increasing AuNP concentration, sample B slightly
deviates from this trend. This is consistent with the lilac hue of the colloid and suggests
that the majority of particles in B had properties closer to anisotropic nanostructures.
Furthermore, the arrow (Figure 4.12b) indicates that particle size increases with increasing
Au3+ concentrations. These results suggest that the CHT is a relatively poor shape- and
size-controlling capping agent and that B and C probably were undersupplied with capping
Table 4.5: Colours, λmax and pH of AuCHT synthesised using the methods given in Table 4.4.
Colloid A B C D E F G H
Colour Blue Lilac Blue Turquoise Blue Blue Blue Red
λmax/nm 598 589 610 653 594 592 613 542
pH 3.2 3.2 3.1 3.9 3.6 3.4 3.3 3.2
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agent compared to A. The undersupply may have produced rather large spherical bodies
with nanoprotrusions of relatively small aspect ratio.
A B C
(a) Colour deepens with increasing Au3+
concentration.
0.0
0.2
0.4
0.6
0.8
400 500 600 700 800
Abs
orb
anc
e
Wavelength/nm
610
A
B
C
(b) Visible spectra corresponding to
Figure 4.12a.
Figure 4.12: Optical properties of blue AuCHT.
Figure 4.13 shows four typical TEM images of sample B (lilac–blue AuCHT). EDS confirms
that the nanostructures consist of gold (Figure 4.14). As can be seen in Figures 4.13a
and 4.13b, the colloidal samples had two principal particle morphologies. One type consists
of spheroidal particles with single crystals and multi-twinned structures. Figure 4.13c
shows a single-crystalline spheroidal particle where the greatest dimension is about 23 nm.
The other type is anisotropic and features multiple short branches (nanoprotrusions) grown
onto an icosahedral nanocrystal (spherical body).[260] Figure 4.13d shows an individual
multi-branched structure at higher resolution. As indicated, the inner and outer particle
diameters are about 48 nm and 77 nm each. Based on such estimations, the software
ImageJ was applied to determine the dimensions of 20 multi-branched AuNPs. This
gave an inner average diameter of 40 ± 11 nm while for outer diameter the average was
75 ± 20 nm implying nanoprotrusions of about 8 nm length. The nanoprotrusions induce
multiple LSPR modes, similar to the longitudinal LSPR mode of AuNRs, that result
in broad, red-shifted LSPR bands and consequently, in blue colloids.[259] This finding is
consistent with the visible absorption spectra of Figure 4.12b.
These TEM results differ from those reported for other gold–CHT studies[156,157,159] but
they are consistent with the particles reported for AuTSC/N2H4/PVP.[245] This finding suggests
that the high reduction potential of N2H4 causes a fast reaction, which highly influences the
inhomogeneous particle growth. Furthermore, it indicates that CHT assists inhomogeneous
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growth by efficiently capping at concentrations of 0.003–0.03% w/v. These concentrations
are about 3–33% lower than those reported elsewhere.[159] This finding demonstrates a
considerable improvement of the method described here compared to others found in
the literature. However, when the method F (Table 4.4) was performed without N2H4
but at 80 ◦C, the colloids were unstable and collapsed during the heating. This finding
is consistent with that reported by Bhumkar et al.[159] The result indicates that N2H4
enhances the thermodynamic stability of AuNPs and is necessary for stable AuCHT colloids
produced with CHT concentrations below 0.1% w/v.
(a) (b)
(c)
48.3 nm
76.7 nm
(d)
Figure 4.13: TEM images of blue AuCHT particles corresponding to sample B in Figure 4.12.
Low magnification of (a) multi-branched particles and (b) spheroidal particles, high magni-
fication of (c) a spheroidal particle and (d) a multi-branched particle (spherical body with
nanoprotrusions).
In addition, the TEM results presented here suggest that the visible absorption spectroscopy
(visible) absorbances of lilac and blue colloids (Figures 4.12b, 4.15b and 4.16b) are from
the multi-branched structures rather than from large spheroidal particles. The various
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C Cu Au Cr Cu Au
Figure 4.14: EDS spectrum of AuCHT par-
ticles corresponding to Figure 4.13. The
elements detected were gold (AuNPs), car-
bon and copper from the TEM grid, and
chromium as an impurity.
colour tones are a function of different aspect ratios of the nanoprotrusions and of the
ratio of outer-to-inner diameters of the multi-branched particles. Based on the literature
(Section 1.1.3.2), blue AuNPs should have a larger aspect ratio of the nanoprotrusions and
a larger ratio of outer-to-inner diameter than red AuNPs.
Although, the visible absorption spectra and TEM data are not in agreement with those
of Bhumkar et al.,[159] the positive ZPs concur; for example, H has a ZP of 31.4 mV at
pH 3.7. This agrees with the theory that the amino RNH2 groups of CHT protonate
in acid providing a surface with quaternary amino groups that electrosterically stabilise
the AuNPs. Based on the findings of red and purple AuCHT particles (Sections 3.1.4
and 4.3.1), it is strongly suggested that the AuCHT particles discussed here also possess a
pH-independent stability due to steric stabilisation by CHT.
To study the influence of the stabiliser concentrations on the particle growth, sample E
was produced with a five times higher CHT concentration than sample D. (Table 4.4).
Figure 4.15 shows the optical properties of samples D and E. As seen in Figure 4.15a,
D is turquoise while E is blue. The visible absorption spectra in Figure 4.15b illustrate
that the LSPR bands for both samples are very broad. The peak shoulder at about
525 nm appears to be a poorly defined transverse LSPR peak while the absorbance
maxima at 594 nm (E) and 653 nm (D) represent strong longitudinal LSPR bands. The
little separation between the transverse and longitudinal LSPR modes indicates poorly
defined, polydisperse, anisotropic particles or agglomerates. This finding is consistent with
the results obtained by TEM (Figure 4.13) that show a mixture of large spheroidal and
multi-branched particles. The nanoprotrusions of the multi-branched particles are the
cause for the longitudinal LSPR modes. The redshift of the longitudinal LSPR bands of
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sample D compared to that of sample E indicates that the nanoprotrusions of the particles
in sample D have a higher aspect ratio than those of sample E. This finding suggests
that the lower the CHT concentration in the reaction solution, the longer or thinner the
branches and consequently, the more red-shifted the longitudinal LSPR band.
D E
(a) Turquoise (D) and blue (E) AuCHT.
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Figure 4.15: Optical properties of AuCHT as function of the CHT concentrations:
D = 26 mg L-1, E = 132 mg L-1.
In order to enhance the reaction rate, the method D was repeated at 70 ◦C. The colloids
had developed after two days and were either lilac or unstable. This finding strongly
suggests that the growth mechanism of AuCHT is delicate and requires slow particle growth
in order to produce multi-branched AuNPs and more importantly, thermodynamically
stable colloids.
To study the influence of the precursor concentrations on the particle growth, samples
F–H were produced with Au3+ concentrations that varied from 0.05–0.20 mmol L-1. As is
expected, the higher the acid concentration, the lower the pHmixture (Table 4.4). Figure 4.16
illustrates that an increasing Au3+ concentration shifts the colour of the colloids from
blue via purplish blue to red. This trend is reflected in the visible spectra (Figure 4.16b)
where the λmax values shift from longer (blue colour of colloid) to shorter (red colour of
colloid) wavelengths with increasing Au3+ concentration. The LSPR peaks of F and G
are very broad. A small shoulder at about 525 nm indicates that the broad peaks contain
a weak transverse LSPR band (525 nm) and strong longitudinal LSPR bands [λmax at
592 nm (F) and 613 nm (E)] consistent with the blue tones. The longitudinal LSPR bands
originate from anisotropic AuNPs which agrees with the multi-branched particles shown in
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Figure 4.13. The bright red colour of H is in agreement with the monomodal, symmetric
LSPR band at λmax at 542 nm. This strongly suggests that the optical properties of the
AuCHT colloids are a function of the reagent concentrations and can be tuned by varying
the Au3+ concentration.
F G H
(a) Colloids of (F) blue, (G) purplish blue
and (H) red AuCHT.
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Figure 4.16: Optical properties of AuCHT as function of the Au3+ concentration: F = 5 × 10-5,
G = 10 × 10-5, H = 20 × 10-5 mol L-1, respectively.
As is evident from Table 4.5, colloid H was the only sample that contained red AuNPs.
According to the corresponding visible absorption spectrum (Figure 4.16b), the red colour
originates from spherical particles. This indicates that the sample H is either an outlier
or that the reaction conditions favoured the growth of spherical/spheroidal particles.
Because samples A–C had the same pH in the reaction solution as sample E (Table 4.4),
the pH appears not to be the critical factor. However, the reagent concentrations of
samples A–C and E varied significantly. This finding suggests that the growth kinetics of
anisotropic AuCHT particles are complex and are sensitive to modifications of the reagent
concentrations. This finding is consistent with those made for the scale up of purple AuCHT
particles discussed earlier in this chapter.
Altogether, the results presented here suggest that N2H4 rapidly reduces Au3+ to Au0 at
RT and that CHT facilitates the slow generation of multi-branched particles as well as
spheroidal particles. Time-dependent formation is proposed as illustrated schematically in
Figure 4.17. At the beginning of the synthesis, Au3+, CHT and N2H4 co-exist in water.
Rapidly, N2H4 reduces Au3+ to gold nuclei as indicated by the lilac colour of the colloid
within 30 min. Typically, N2H4 is oxidised to N2 and H2O, which no longer participate in
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Figure 4.17: A possible formation mechanism for multi-branched AuCHT particles.
the AuNP formation. CHT likely coordinates to gold surfaces through its amino groups
capping certain facets of the gold clusters. The Au3+ ions auto-catalytically reduce in free
facets of the germinate AuNPs and facilitate particle growth. CHT also has the potential
to reduce Au3+ to Au0 nuclei. However, without a reduction promoter and at RT this
reduction is very slow. Over time, the initial small AuNPs grow and/or coalesce into
larger spheroidal crystals as well as into multi-branched AuNPs via polyhedral cluster
intermediates.[261]
Earlier work has documented the effectiveness of CHT in capping spherical/spheroidal
AuNPs when a reduction facilitator (heat, reagent) is employed; for example, Huang
and Yang[156] report red AuCHT whose sizes can be manipulated using CHT of different
molecular weights as well as a crosslinking agent. However, these previous studies have
neither employed N2H4 nor focused on blue AuCHT.
In the work presented in this thesis, blue AuCHT was synthesised at 23–25 ◦C by reducing
Au3+ in acid with dilute N2H4 in the presence of CHT with a molecular weight of 2–3 kDa
over the course of at least 51 h. It was found that the AuNPs are generally smaller than
80 nm and have multi-branched as well as spheroidal shapes that exhibit strong LSPR be-
tween 592 and 653 nm. These findings extend those reported earlier,[156,157,159,161,162,235,262]
confirming that CHT is an effective capping agent preventing AuNPs from agglomera-
tion as well as allowing for manipulation of particle morphology and size. In addition,
the necessary CHT concentrations that prevent particle agglomeration were 4–38 times
lower than suggested.[159] This study, therefore, indicates that blue AuCHT is a promising
candidate for wool colouration, surface-enhanced Raman spectroscopy (SERS) research
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and biomedical applications.[263]
Most notably, to my knowledge this is the first study to report blue AuCHT originating
from multi-branched particles with nanoprotrusions in a single step, one-pot synthesis
at RT. These results provide evidence that the reductant, N2H4, plays a major role in
the inhomogeneous growth kinetics of such structures while CHT mainly provides growth
restriction and stabilisation with respect to aggregation/agglomeration. Interestingly,
while the reproduction of multi-branched AuNPs using N2H4 according to Jeong et al.[245]
failed (see Section 3.2.3), the desired morphologies were produced here using CHT and
N2H4. The newly developed method obtains blue colloids as a result of consistent nanogold
structures. However, variables such as the (1) molecular weight of CHT, (2) degree of
acetylation of CHT, (3) composition of naturally derived CHT, (4) reaction temperature,
(5) pH of the reaction mixture, and (6) freshness of N2H4 (Section 3.2.3) are crucial to this
synthetic approach. Future work should therefore include the optimisation of the system
with high-quality reagents, a systematic study of the effect of pH on particle formation as
well as particle growth, and the aim to synthesise more monodisperse colloid which might
lead to ‘cleaner’ colour that consequently optimises the amounts of gold used.
4.4 Summary
In summary, three new methodologies for colloidal AuNPs were developed. All methods
are simply performed in a one-step, one-pot approach by mixing the Au3+ precursor with
the reductant/stabiliser in aqueous medium. The current investigation shows that
(1) AuNa2S2O5 colloids are red and have limited pH stability. The colloids have limited
pH stability, which why they are attractive candidates for ligand exchange reactions
(Section 6.2.1) rather than wool colouration. When AuNa2S2O5 particles are stabilised
by PVP or PMA, the optical properties are non-linear, the particle size and shape is
more controlled and the potential for wool colouration is increased due to improved
pH stability.
(2) AuCiBA colloids are red and contain spherical particles of about 30 nm in diameter.
The optimal reaction temperature is 80 ◦C. The colloids possess moderate pH stability.
The particles are encapsulated by a 1–1.5 nm thin layer of CiBA. The particles
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have a reactive surface chemistry which makes them an attractive candidate for the
production of wash fast composites.
(3) AuCHT produces purple and blue colloids in the presence of N2H4. The particles
gain their optical properties from anisotropic particle shapes. The optical properties
are tunable and are a function of the aspect ratio of the nanoprotrusions which
is affected by the Au3+ precursor concentration. The colloids are likely to have
pH-independent stability due to the steric stabilisation by CHT and show potential
for colouring wool.
Taken together, all new colloidal AuNP systems are promising candidates for the production
of nanogold–wool composites. It is anticipated that AuCiBA will produce wash fast
composites and that AuCHT will produce blue composites. These possibilities are further
addressed in Chapters 5 and 6.
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Chapter 5
Investigation of nanogold–wool composites
The present investigation involved the study of nanogold–wool composites to identify and
elucidate the basic physical and chemical parameters that govern the colouration of wool
fibres with AuNPs based on intermolecular and ionic forces.
As described in Chapters 3 and 4, AuNPs carry a surface charge primarily determined by
their capping agents. For example, AuTSC is negatively charged while AuOLA is positively
charged. In the case of wool, a complex mixture of amphoteric∗ amino acids imparts the
wool surface with a net surface charge that can be positive, negative or zero. These depend
on the pH of the bulk solution that the fibres are immersed in. By identifying the pH at
which wool has a certain net surface charge, the formation of nanogold–wool composites
via electrostatic attraction can be predicted. To identify those pH regions, loose wool
fibres were processed into a fine powder and the ZPs determined.
5.1 Surface charges of wool
Data obtained in previous studies[264,265] using air-jet milling and a streaming potential
apparatus showed that it is difficult to pulverise wool and that the ZPs of wool surfaces
are affected by a variety of factors. According to Capablanca and Watt,[264] the pI for
∗Amphoteric species can react as an acid and as an base.
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1 mm
Figure 5.1: Light microscopy image of
ground crossbred snippets of less than
1 mm length. The wool surfaces are
severely damaged exposing the fibres’ in-
ternal structure to the environment.
scoured merino is at pH 3. In the present study, crossbred fibres (Section 2.1) were
ground and sieved, and characterised by ZP measurements using DLS (see Section 2.4.9
for experimental details). Results were compared qualitatively with reported data. In the
current work, an IER was determined rather than a pI. Figure 5.1 shows the ground and
sieved crossbred wool fibres, hereinafter referred to as wool or crossbred ‘powder’.
The fibres of the crossbred powder were generally shorter than 1 mm in length. This
indicates that manual grinding is less efficient than air-jet milling which produces snippets
of about 0.5–120 µm.[265] The surfaces of the fibres were severely damaged due to grinding
in liquid nitrogen, exposing considerable areas of the inner parts of the fibre.
To determine the IER of crossbred powder as a function of pH, the wool powder was
dispersed in distilled water or electrolyte and titrated against acid or base. In order to
keep the wool powder adequately dispersed, the dispersion was vigorously stirred and
frequent pump cycles were applied. Figure 5.2 shows the measured ZPs in distilled water
as a function of pH.
As can be seen, the ZP data points scatter significantly over the pH range between 0 and
11. (Figure 5.2a). However, a trend shows that the ZPs were positive below pH 2.2
and negative above pH 3.8 indicating that the IER of crossbred in distilled water is at
pH 2.2–3.8 (Figure 5.2b). This finding is in good agreement with a pI at pH 3.0 reported
in the literature.[264] However, for wool textiles a pI at pH 4.7 was reported.[266] This
value is 0.9–2.7 pH units higher than the range for the IER shown here. This discrepancy
indicates that the value of the pI is a function of the environmental and chemical history
of the fibre. For instance, weathering and actinic degradation leads to a lower value and
alkaline scouring leads to a higher value. To a minor extend, the variations in the pI
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(b) Identification of the IER.
Figure 5.2: ZPs of powdered crossbred wool in distilled water at pH 0–11.
Figure 5.3: Schematic illustration of net surface charges of a generic crossbred fibre depending
on pH.
may also a function of the morphological parts of the wool that are examined due to the
heterogeneous amino acid composition/distribution in the wool fibre.[35] Based on the ZP
measurements presented in the current study, the net surface charge of crossbred as a
function of pH is schematically illustrated in Figure 5.3.
When powdered crossbred was equilibrated in electrolytes instead of water, the magnitude
of the ZPs decreased by approximately 50% (Figure 5.4). The approximate regions were
the net surface charge was zero became slightly narrower with IERs at pH 2.3–3.1 (KCl)
and pH 2.5–3.3 (NaCl), respectively. These results agree with those obtained in previous
studies[264] and show that the slipping plane of the electrical double layer surrounding a
charged particle becomes thinner with higher ionic strength of the electrolyte. The results
for the experiments in KCl and NaCl were essentially identical. Other work found that
is was required to keep the ionic strength constant during the measurements using an
apparatus similar to a streaming potential device.[264] The results shown here demonstrate
that this requirement was not necessary to obtain qualitative data. Hence, the findings
here present a simplification of the experimental conditions.
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Figure 5.4: ZPs of powdered crossbred wool in electrolyte at pH 0–11.
ZP data of powdered, chlorine-Hercosett treated wool fibres were unobtainable because
the resin coating detached from fibre surfaces during grinding. Determining ZPs with a
BTG Mütek SZP-10 Zeta Potential System to verify the DLS results was unsuccessful
because loose wool fibres did not form a sufficiently dense suspension.
Prior work has reported net surface charges of wool. Crewther et al.,[49] for example,
reviewed previously reported pIs of wool and concluded that quantitative data depend
strongly on the experimental setup, ionic strength and nature of ions in the sample, and
most importantly, on the wool composition, which varies strongly from sample to sample
due to the heterogeneity of the wool. Therefore, the present study focused on purely
qualitative information to predict electrostatic attraction between the wool surface and
AuNPs.
In the study presented here, it was found that the average IER for wool is in good
agreement with data reported in the literature. This finding suggests that data obtained
using DLS with an integrated autotitrator provide basic information about net surface
charges of wool to assess the electrostatic interaction between wool fibres and charged
AuNPs. For instance, wool should take up negatively charged AuNPs such as AuTSC
and AuTA at pH < 2.2 due to electrostatic charge attraction. In contrast, wool should
take up positively charged AuNPs, e.g. AuOLA and AuCHT at pH > 3.8. Between pH 2.2
and 3.8, little charge attraction is expected. These findings extend those of Capablanca
and Watt[264] and Wen et al.,[265] providing comprehensive ZP data for powdered wool
from pH 0–11 in three different aqueous media. Although the wool powder was not fine
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enough to exhibit colloidal character, the present results provide evidence that DLS is a
suitable method to obtain qualitative information about wool’s physical properties.
5.2 Uptake of gold nanoparticles by wool
The current study extensively investigated the uptake of AuNPs by wool in order to
understand the factors that govern the formation of nanogold–wool composites based on
intermolecular and ionic forces. As mentioned earlier in Section 2.2, uptake was performed
in three general steps: (1) synthesis of stable colloidal AuNPs, (2) pretreatment of wool
fibres to prepare for the colouration, and (3) immobilisation of pre-synthesised AuNPs onto
the surface of pretreated wool fibres. Composite formation was based on both electrical
charge attraction of the AuNP to the wool surfaces and flocculation of the AuNPs on the
wool surfaces. The wash fastness of the nanogold–wool composites created was evaluated
by hand washing the composites in tap water or in detergent solution.
5.2.1 Formation of nanogold–wool composites via electrical charge attraction
As shown above, the physical surface properties of wool are largely determined by the pH
of the soaking solution. Here, this knowledge was utilised to physically attract wool and
AuNPs to each other. Figure 5.5 shows a selection of nanogold–wool composites obtained
using electrical charge attraction.
As can be seen, the colour range includes hues of brown, blue-grey, lilac-grey, lilac, magenta
and lilac-pink. The displayed composites were made of
• crossbred wool
• Ashford wool
• wool treated with a chlorine/Hercosett® process to resist shrinkage (Cl/H wool)
which were soaked in solutions containing colloidal AuNPs, such as
• nanogold produced by reduction and stabilisation with trisodium citrate (AuTSC)
• nanogold produced by reduction and stabilisation with tannic acid (AuTA)
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Brown Blue-grey Lilac-grey Lilac Magenta Lilac-pink
A B C D E F
1 Crossbred Ashford Crossbred Crossbred Crossbred Ashford
— AuTSC/N2H4/PVP AuTSC/N2H4/PVP AuH2O2/TSC AuOLA AuOLA
2 Crossbred Crossbred Crossbred Crossbred Crossbred Crossbred
AuTSC AuTSC/N2H4/PVP AuTSC AuTSC/PMA AuOLA AuNa2S2O5
3 Cl/H wool Crossbred Crossbred Cl/H wool Ashford Crossbred
AuTA/TSC AuNa2S2O5 AuNa2S2O5 AuTA AuOLA AuTSC
4 Crossbred Crossbred Crossbred Crossbred Ashford Ashford
AuTA AuTA AuTSC/PMA AuTSC AuNa2S2O5 AuN2H4/TSC
Figure 5.5: Selection of colourful nanogold–wool composites formed by intermolecular and
ionic forces. The table summarises the materials used. The colour reference chart in the
background of the photo aids to reproduce the colour and to visually determine the hue of the
colour.
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• nanogold produced by reduction and stabilisation with tannic acid and trisodium
citrate (AuTA/TSC)
• nanogold produced by reduction and stabilisation with oleylamine (AuOLA)
• nanogold produced by reduction with sodium metabisulfite (AuNa2S2O5)
• nanogold produced by reduction with H2O2 and stabilisation with trisodium citrate
(AuH2O2/TSC)
• nanogold produced by reduction with N2H4 and stabilisation with trisodium citrate
(AuN2H4/TSC)
• nanogold produced by reduction with trisodium citrate and N2H4 and stabilisation
with polyvinylpyrrolidone (AuTSC/N2H4/PVP), or
• nanogold produced by reduction with trisodium citrate and stabilisation with
poly(methacrylic acid) (AuTSC/PMA).
PVP and PMA are water soluble polymers and were used to provide colloidal AuTSC and
AuTA particles with additional steric stabilisation.[144] Figure 5.5b summarises the wool
types and nanogold systems utilised to obtain the composites shown in Figure 5.5a.
Of these nanogold–wool composites, AuTA–crossbred and AuOLA–crossbred composites
were chosen to highlight the results of the investigation into the formation of nanogold–wool
composites.
5.2.1.1 Composites of AuTA and crossbred wool fibres
The current investigation involved combining positively charged crossbred fibres and
negatively charged AuTA particles to form AuTA–crossbred composites at pH < IERwool.
Based on the results discussed in Section 3.1.2, it was assumed that the composites would
be red/pink. However, they were mainly lilac and grey as shown, for instance, by sample
B4 (Figure 5.5a). Subsequently, this investigation was concerned with identifying the
factors that determine the final colour of the AuTA–crossbred composite.
Parts of this work were presented at the CIMTEC 2012 conference in Montecatini, Italy.
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Colouration
AuTA–crossbred composites were produced by immersing loose wool fibres (1 g) in a
colloidal AuTA solution (60 mL, pH 2.7) and left on a shaker table at 20 rpm from 15
min to 22 h. The composites were rinsed with cold water, dry patted and left to air-
dry at about 40 ◦C. Prior to colouration, the wool fibres were brushed, rinsed with tap
water and equilibrated in either 100 mL distilled water or 80 mL KH2PO4 buffer solution
(c = 0.5 mol L-1, in H2O, pH adjusted to 2.7). The wool fibres conditioned in this way were
rinsed with distilled water and dry patted before being immersed in the pre-synthesied
AuTA soaking solutions. The AuTA colloids were synthesised as described in Section 3.1.2.1
containing between 0.016 and 5 mg Au3+ precursor.
Results and discussion
AuTA–wool composites produced in a previous study[220] using 1.6 mg Au3+ per 0.1 g
merino fibre resulted in mostly grey composites. According to Burridge,[220] the colour
change of the AuTA particles originally from red in solution, to grey on the fibre, was
caused by particle agglomeration primarily along the fibres’ cuticle edges. In the current
study, grey AuTA–crossbred composites were reproduced based on the method described
by Burridge.[220] The process and composites were thoroughly investigated in order to
understand the reaction parameters that control particle agglomeration. Sample B4 in
Figure 5.5a shows the result obtained using an AuNP concentration comparable to that of
Burridge.
As can be seen, the sample was dark grey attributed to particle agglomeration on the
fibre surface.[220,248] SEM images (data not shown) confirmed agglomerated AuNPs located
along the cuticle edges. This is consistent with results previously reported.[220] The pH
of the soaking solution increased by 1.9 units to pH 4.6 indicating that wool quickly
adsorbed a substantial quantity of H+ ions from the soaking solution. This agrees with
findings documented elsewhere.[77] Simultaneously, wool adsorbs fast migrating H+ and
Cl– ions as schematically described in Equation (5.1). At longer times, however, Cl– ions
are replaced by larger, slower migrating AuTA particles [Equation (5.2)]. This complex
uptake behaviour is illustrated in simplified terms in Figure 5.6.
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wool−NH+3 · −OOC−wool + H+ + Cl− −−⇀↽− Cl−· +NH3−wool + HOOC−wool (5.1)
wool−NH+3 ·Cl− + Au−TA −−⇀↽− wool−NH+3 ·Au−TA + Cl− (5.2)
Figure 5.6: Expected uptake behaviour
of ions by wool over time. Hydrogen and
chloride ions are quickly adsorbed by wool.
Chloride ions are then released to be re-
placed by negatively charged AuNPs.
To study the particle agglomeration, AuTA concentrations were altered by large amounts.
Pink and lilac AuTA–crossbred composites were achieved by modifying Burridge’s method
using substantially different AuNP:wool ratios. Assuming a 100% conversation rate from
Au3+ to Au0, the AuNP concentrations were chosen to be 100 times less to three times
more than those used by Burridge. The mass of wool fibres was increased by a factor of 10
(i.e. 1 g fibres were employed in place of 0.1 g). The results are shown in Figure 5.7.
Very low AuTA concentrations (0.02–0.08 mg Au3+ precursor) resulted in uncoloured
composites. This strongly suggests that particles (1) smaller than 30 nm might have
entered the fibres between the cuticle scales to some degree (Figure 1.15, page 23),[267]
and/or (2) are too widely spread on the fibre surface to exhibit strong enough LSPR to
be detected by the human eye. Pink composites were achieved with relatively low AuTA
concentrations (0.16–0.33 mg Au3+ precursor per 1 g crossbred fibres). Lilac composites
were obtained with medium AuTA concentrations (0.49–0.67 mg Au3+ precursor per 1 g
crossbred fibres). Grey composites with a lilac hue were formed with high to very high
AuTA concentrations (1.3–4.9 mg Au3+ precursor per 1 g crossbred fibres) confirming the
findings of sample B4 and Burridge.[220]
The pink colours of the composites indicate that the optical properties of the AuNPs on
the wool surface were essentially identical to those of AuNPs in solution due to deposition
of discrete particles on the fibre surface. This finding was supported by SEM and EDS as
shown in Figure 5.8. Though the fibres were fairly intensely coloured, SEM images showed
a very low load of AuTA particles on the fibre surface, affirming nanogold’s outstanding dye
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Figure 5.7: Photo of AuTA–crossbred composites. Composites were formed at pH 2.7.
Colours shift from uncoloured to pink, lilac and grey with increasing AuTA concentrations
(0.02–4.9 mg Au3+ precursor per 1 g crossbred fibres). The colour reference chart aids to
reproduce the colour and to visually determine the hue of the colour.
yield (A and D). The bright white particles evident on the surface of pink AuTA–crossbred
composite in B are confirmed by EDS to be gold (D).
A B C D
←Au
Figure 5.8: SEM image and EDS map of pink AuTA–crossbred composites (0.49 mg Au3+
precursor per 1 g crossbred fibres). (A) Low magnification image of a composite showing
AuNPs (bright white spots) on fibre (grey background) with slight electron beam damage (dark
spots). (B, C) Confirmation of gold. (D) Individual AuNPs generating the ‘clean’ pink colour
of composites (Figure 5.7).
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Composites with very high AuNP load featured predominantly small agglomerates of
AuTA particles on the fibre surface (Figure 5.9) colouring the composites in shades of grey
with a lilac hue. Although this finding agrees with those of Burridge[220] and Meade et
al.,[70] Tang et al.[206] seemed not to have encountered agglomeration in a similar approach.
Nevertheless, the results obtained here show that TA insufficiently stabilises AuNPs against
particle agglomeration on the wool fibre surface above 0.49 mg of Au3+ precursor per
60 mL soaking solution and 1 g wool.
A B C
←Au
↓
Figure 5.9: SEM image and EDS map of lilac–grey AuTA–crossbred composites (4.9 mg Au3+
precursor per 1 g crossbred fibres). (A) Low magnification image of composite showing AuNPs
(bright white spots) on fibre (grey background) with slight electron beam damage (dark spots).
(B, C) Confirmation of gold.
Wool is able to bind considerable amounts of acid as demonstrated by the ZPs measurements
shown earlier. The acid combination generally results in an increase of the pH of the
soaking solution the wool fibres are dispersed in. AuNPs that are electrostatically stabilised
are sensitive to pH changes and can agglomerate during the colouration of wool. To avoid
that wool consumes significant amounts of protons from the soaking solution, the crossbred
fibres were equilibrated at pH 2.7 using an aqueous KH2PO4 buffer prior to colouration.
This pretreatment achieves that the negatively charged sites of the wool are saturated
with H+ or K+ ions and the positively charged sites of the wool are saturated with PO3–4
ions. When then the pretreated wool fibres were soaked in AuTA colloids, a pH decrease of
0.2–0.5 of the soaking solution was observed. This indicating that the wool fibres released
H+ ions during the uptake of the AuTA particles. Although the pH decrease might have
destabilised the colloidal system, the adsorption rate was fast enough to avoid AuNP
agglomeration in solution. Simultaneously, the PO3–4 ions are slowly exchanged with AuTA
on the wool surface . This finding is consistent with the uptake behaviour of wool described
in Equations (5.1) and (5.2). The slower exchange of PO3–4 ions with AuTA resulted in
more even and level colour indicating a low level of particle agglomeration on the fibre
surface. This suggest that the pretreatment of wool in KH2PO4 buffer improved the colour
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of the composites compared to those in which the wool fibres were not preconditioned.
The agglomeration of AuNPs on the fibre surface can be inflicted deliberately to produce
grey composites. Here, it is aimed to understand the parameters that give more precise
control over the level of agglomeration. As described above, the pretreatment of wool
in KH2PO4 buffer is an effective means control the uptake rate of AuNPs by the wool.
Another approach is to control the uptake rate by controlling the diffusion path lengths of
the AuNPs. This approach is investigated by changing the volume of the soaking solution
but keeping the number of AuNPs constant. For this, crossbred fibres were immersed for
22 h at RT in AuTA colloids of varying volumes but identical total numbers of AuNPs.
The colloids of 60, 120, 180, 480 and 1800 mL total volume contained about 0.6 mg Au3+
precursor each. Figure 5.10 shows 10 mL aliquots of the AuTA colloids at pH 2.7 before
and after soaking.
It can be seen that the pH values of the soaking solutions increased by 0.1–1 units during
soaking. Sample B appeared to be an outlier that exhausted faster of AuNPs than any
of the other colloids. The reason remains unclear because the increase of the pH was
as expected. In general, the pH increase was greater for smaller volumes of the soaking
solutions. For instance, sample A had the smallest volume of 60 mL and the greatest pH
increase of 1 unit. This indicates that wool adsorbs considerable amounts of protons from
the soaking solution which is consistent with results described earlier and the literature.[85]
Furthermore, the results indicate that the amount of adsorbed protons correlates with the
volume of the soaking solution and consequently, with the diffusion path length of the
protons. This suggests that the adsorption rate of charged species by wool is kinetically
controlled and the lower, the longer the diffusion path length. Sample A shows that after
22 h soaking, the pH was 3.7. This pH is within the IER of wool and indicates that, under
these conditions, the net surface charge of wool is zero (Figure 5.3). At this point, the
charge attraction between wool and negatively charged AuTA particles is very low. This is
consistent with the finding that the colour of the colloid A had still the same intensity after
22 h soaking indicating that the wool did not take up many AuNPs. Both the fast uptake
of protons and the slow uptake of AuTA particles, is consistent with the expected uptake
behaviour of wool illustrated in Figure 5.6. All together, the findings provides evidence
that the uptake of charged species by wool is a function of the pH and the diffusion path
length/volume. Moreover, the uptake of charged species in the IER is nearly non-existing
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Figure 5.10: Optical properties of AuTA colloids with varying solution volumes (A = 60 mL,
B = 120 mL, C = 180 mL, D = 480 mL, E = 1.8 L) synthesised with 0.6 mg Au3+ precursor,
respectively; samples represent an aliquot of 10 mL of each colouring solution. Photos of
colloids (a) before soaking (each solution was adjusted to pH 2.7), and (b) after 22 h soaking
of wool fibres at RT (the pH of the solutions had changed from 2.7 to 2.8–3.7). Visible spectra
(c) before soaking, and (d) after soaking.
suggesting that the colouration of wool with charged AuNPs should be performed slightly
below or above the IER.
To study the optical properties of the AuTA solutions before and after soaking, the
colloids were characterised with visible absorption spectroscopy (Figure 5.10c). As is
expected, the absorbances of the AuTA colloids increased with increasing AuTA concentra-
tion (Figure 5.10d). After soaking for 22 h at RT, the absorbance of sample B decreased
drastically indicating complete uptake of AuNPs from solution by wool. Unexpectedly,
the LSPR band of A increased by approximately 15% indicating the AuNP concentration
increased rather decreased due to the uptake by wool. This finding suggests that the
colloids had not yet reached thermodynamic equilibrium and that more AuTA particles
formed. As was expected, the absorbances of C, D and E decreased slightly indicating the
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A B C D E
(a) Intermediate products after 22 h
soaking in AuTA solutions as shown in
Figure 5.10b.
A B C D E
(b) Final products after additional 22.5 h
soaking in AuTA at ≈ 40 ◦C.
Figure 5.11: Photos of AuTA–crossbred composites where the colour is a function of the
diffusion path length. Composites were synthesised with colloids containing 0.6 mg Au3+
precursor per 1 g wool. Total volumes of soaking solutions were (A) 60 mL, (B) 120 mL,
(C) 180 mL, (D) 480 mL and (E) 1.8 L.
uptake of AuNP particle from solution by wool.
These findings correspond to the colours of the AuTA–crossbred composites shown in
Figure 5.11a. As can be seen, composite A remained almost colourless confirming that
AuTA stayed in solution. Composite B was intensely pink (vintage rose) agreeing with the
colourless solution B displayed in Figure 5.10b and the disappearance of the LSPR band in
Figure 5.10c. Composites C, D and E were lightly coloured, consistent with the decreased
LSPR bands of Figure 5.10d. The pink colours indicate that discrete particles deposited
on the fibre surface rather than agglomerates which exhibit lilac colours. Compared to
Figure 5.7, where the volumes for all soaking solutions were kept constant at 60 mL but
the AuNP concentrations were changed, it seems that kinetically controlling the uptake
rate by increasing the diffusion path lengths by a factor of three or more avoids significant
AuNP agglomeration on the fibre surface. These observations suggest that slow uptake
rates (due to long diffusion path lengths) produce composites whose colours are similar to
those of the original colloidal particles. This identifies the diffusion path length as another
critical parameter for forming AuTA–crossbred composites.
To improve the level of exhaustion of the AuTA colloids, the composites were replaced in
their soaking solutions and left for an additional 22.5 h at approximately 40 ◦C. The entire
uptake is summarised in Figure 5.12 with the final composites shown in Figure 5.11b.
All but colloid A were completely exhausted of AuNPs. The composites were intensely
coloured with hues of pink and lilac. The pink colours of composites C–E represent immo-
bilised particles with optical properties comparable to those of discrete (non-agglomerated)
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Figure 5.12: Time–temperature dyeing
profile to complete exhaustion of the col-
loids shown in Figure 5.10b.
AuTA particles. This indicates that greater diffusion path lengths, lower AuNPs concen-
trations and consequently, longer uptake times minimise the agglomeration on the fibre
surface due to more even deposition of the AuNPs. This finding is consistent with results
obtained for AuOLA particles (Section 5.2.1.2). The lilac colours of the composites A
and B indicate agglomerated particles on the wool surface. As shown in Figure 5.9, the
agglomeration is likely to occur along the cuticle edges in order to to lower the high free
surface energy of those sites. The cuticle edges are also attractive for particle deposition
because they are slightly less hydrophobic and in close proximity to the gaps between
cuticle scales which are a major entry for intercellular diffusion into the fibre (Figure 1.15).
The agglomeration increased with increasing AuTA concentration indicating that high
uptake rates were accompanied by more particle agglomeration. This is consistent with
results shown in Figure 5.7. Compared to the intermediate products (Figure 5.11a), the
findings here provide evidence that the second soaking was not kinetically controlled and
that the AuNP agglomeration was a result of ‘forced’ AuNP uptake, driven by slightly
elevated temperature.
Samples prepared at elevated reaction temperatures (e.g. 85 ◦C for 2 h) during the uptake
of AuTA particles by wool fibres resulted in brown composites compared to pink/lilac/grey
ones produced at RT (see Figure 5.7). Composite A4 in Figure 5.5a illustrates this finding.
The brown colour may be a result of the oxidation of the phenolic groups of excess TA
adsorbed onto the fibre surface.[268]
To evaluate the wash fastness of the AuTA–crossbred composites, the coloured wools were
hand washed in wool detergent (Section 2.2). This process resulted in some removal of
AuNPs resulting in faded colours of the composites. Grey faded to lilac shades indicating
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that washing removed the larger agglomerates and/or considerably decreases the size
of agglomerates. Nevertheless, AuTA–wool composites demonstrated the highest wash
fastness compared to the other composites produced via electrostatic interaction.
Previous work reported the ability of negatively charged plasmonic NPs to colour
wool.[206,220,267] For instance, Burridge[220] reported the effectiveness of AuTA in colouring
merino wool and agglomeration of the AuNPs along the fibres’ cuticle edges. However,
these studies have not systematically studied the formation of AuNP–wool composites
to identify the critical reaction parameters. The current research investigated particle
agglomeration, pH and diffusion path lengths to form pink, lilac and grey AuTA–crossbred
composites.
In the work presented here, it was found that the substantial change of the optical
properties of AuTA particles on the fibre surface was associated with AuNP agglomeration
along the cuticle edges and that the agglomeration is controlled by controlling the uptake
rate. These findings extend those of Burridge[220] and show that preconditioning of wool
fibres in KH2PO4 buffer and considerably decreasing the AuNP concentration are effective
means to maintain the attractive pink colour of AuTA on the wool surface. In addition,
it was demonstrated that the uptake close to the IER of wool is extremely low due
to missing charge attraction but that the uptake can be improved by applying slightly
elevated temperatures to enhance the particle diffusion. This study, therefore, shows that
negatively charged AuNPs are generally taken up by wool below the IER and that particle
agglomeration can be used to tune the colours of AuTA–crossbred composites from pink to
lilac and grey.
Most notably, this case study provides a fundamental understanding of the chemical and
physical parameters that govern the formation of nanogold–wool composites via electrical
charge attraction. Consequently, the knowledge gained was used to enlarge the gamut of
nanogold–wool composites via electrostatic charge attraction.
5.2.1.2 Composites of AuOLA and crossbred wool fibres
In addition to AuTA–crossbred composites above, AuOLA–crossbred composites (samples
E1–E3 of Figure 5.5a) were chosen to highlight the findings for the formation of nanogold–
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wool composites and their properties. In contrast to AuTA–crossbred composites, these
were obtained by combining negatively charged crossbred fibres and positively charged
AuOLA at a pH above the IER of wool. The composites feature remarkably ‘clean’ colours
of shades of pink and magenta that are associated with non-agglomerated AuNPs on the
fibre surface as discussed below.
Colouration
In a typical treatment, crossbred wool fibres (1 g) were soaked undisturbed in 60 mL
AuOLA at pH 5.1–5.2 for approximately 24 h at RT until no further uptake by the wool
was observed. This treatment was repeated for the same sample of wool up to four times
using a fresh AuOLA solution of the same concentration each time. Prior to colouration,
the fibres were brushed and conditioned in distilled water for at least 12 h at RT. The
synthesis of AuOLA is described in Section 3.1.3.1 (method C). The bright pink composites
were rinsed with cold water, dry patted and left to air-dry at about 40 ◦C.
Results and discussion
The data obtained in Section 5.2.1.1 (above) indicated that AuNPs tend to agglomerate
at the wool fibre surface changing the colour of the applied AuNPs from red to lilac
and grey. Composites with the least AuTA agglomeration were obtained by equilibrating
wool at pH 2.7 with KH2PO4 buffer solution prior to colouration and by substantially
increasing the diffusion path length of colloidal AuNPs for extremely slow uptake. In
the current study, bright pink AuOLA–crossbred composites were obtained by successive
uptakes of positively charged AuNPs at pH 5.1–5.2 for uptake times of approximately 24 h.
The AuOLA–wool composites were studied with visible absorption spectroscopy, SEM and
XPS. The study also investigated their wash fastness. The results were compared with
AuTA–crossbred composites.
Figure 5.13 shows the composites obtained using successive uptakes of AuNPs. The pinks
of the composites intensified with increasing AuNP loading as a result of retreatment with
colloidal AuOLA solution. The ‘clean’ pink colour shows that the AuNPs on the wool have
identical LSPR properties to those in solution. This strongly suggests that the AuOLA
were discretely deposited on the wool fibre surface due to efficient stabilisation by the
OLA capping agent and the slow uptake rate. The finding is consistent with the results
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A B C D
Figure 5.13: Bright pink AuOLA–crossbred composites obtained with (A) one, (B) two,(C) three
and (D) four treatments with AuOLA to increase the AuNP loading on the wool surface. Each
treatment used a 60 mL AuOLA solution that contained AuNPs corresponding to about 0.3 mg
Au3+ precursor.
obtained for diffusion-controlled uptake of AuTA particles (Section 5.2.1.1). The difference
of discrete and agglomerated AuNPs on the wool surface becomes particularly obvious by
comparing pink AuOLA–crossbred and lilac AuTA–crossbred composites that were produced
with similar AuNP concentrations (Figure 5.14).
Figure 5.14: Photos of (E) AuOLA–crossbred
and (F) AuTA–crossbred composites treated with
similar quantities of AuNPs. The comparison
shows the ‘clean’ pink colour of discrete AuOLA
particles and the ‘dirty’ lilac colour of agglom-
erated AuTA particles on the wool surfaces.
The observed ‘clean’ pink colour of AuOLA–crossbred composites is consistent with the
visible reflectance spectrum of composite D (Figure 5.15). The spectrum in Figure 5.15a
shows that the LSPR band of the AuNPs on the wool surface is located at approximately
525 nm (reflectance minimum). This position matches the strong LSPR band at 525 nm
(absorbance maximum) of the colloidal AuOLA particles before the treatment. This indicates
that the optical properties of the composites are identical to those of the colloidal AuOLA
particles that were used for the colouration.
The composite D was obtained by successively treating the same wool sample with four
fresh AuOLA solutions. Each solution contained a specific quantity of NPs that corresponded
to 0.3 mg Au3+ precursor used in the AuNP synthesis. However, the wool did not take
up all of the AuNPs supplied at once per treatment as indicated by the lilac colour
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Figure 5.15: Optical properties of AuOLA particles used for the colouration of composite D.
of the residual solutions. Instead, the uptake of the AuOLA by the wool progressively
increased with the number of retreatments. After the first two out of the four treatments,
the residual solutions contained considerable amounts of colloidal AuNPs that exhibited
LSPR bands at approximately 565 nm (Figure 5.15b). The redshift of λmax from 525 to
565 nm indicates particle agglomeration which is consistent with the lilac colour of the
residual solution. The absorbance of the residual solution after the first treatment was
approximately 0.14, and after the second treatment 0.09. The absorbance decrease suggests
that during the second treatment approximately 35% more AuOLA particles were taken up
by the wool than during the first treatment. The residual solutions after more retreatments
were completely colourless indicating the entire uptake of AuNPs from solution by the
wool. The progressive increase of the AuOLA uptake by the wool is consistent with the
decrease of colour in the solution, and with the increase of colour on the wool due to
increased NP uptake. The findings shows that the AuOLA–wool interaction improved with
increasing number of retreatments. This suggests that the improvement is associated
with an increasing supply of free hydrophobic capping agent that also adsorbs onto the
hydrophobic wool surface. The layers or islands of capping agent on the wool surface may
act as a ‘nanospacer’ between adsorbed AuNPs and/or a levelling agent by competing for
reactive sites on the wool surface as described in Equation (5.3).
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wool−COO−·OLA+ + Au+OLA −−⇀↽− wool−COO−·Au+OLA + OLA+ (5.3)
Combining the knowledge gained in the current study of AuOLA, wool and AuOLA–wool
composites, the following model for the formation of AuOLA–crossbred composites is
proposed (Figure 5.16). Positively charged AuOLA particles are physically attracted
to the negatively charged wool surface. This may include electrical charge attraction,
van der Waals forces and interaction between the hydrophobic wool surface and the
hydrophobic OLA tail. Excess OLA and its derivates, such as oleylamide from the
synthesis (Section 3.1.3), are expected to form micelles in water but are likely to adsorb
to the hydrophobic wool surface as well. The bi-layer of OLA and its derivates around the
AuNPs may be disrupted, leaving the AuNPs with a single layer of hydrophobic capping
agent. Nevertheless, the OLA prevents the agglomeration of the AuNPs on the wool fibre
surface due to steric hinderance. The successive, slow uptakes of AuNPs are important for
even and level particle immobilisation. Excess capping agent supports this process greatly
by (1) stabilising the AuNPs efficiently in solution and on the fibre surface, and (2) acting
as a ‘nanospacer’, and/or (3) slowing the uptake rate of AuNPs by competing with AuNPs
for reactive sites on the fibre surface (compare to Figure 5.6, page 151). Investigation of
AuOLA–Ashford and AuOLA–Pettinata composites suggested that the proposed model is
valid for any AuOLA–wool composite.
Figure 5.16: Schematic model of formation of AuOLA–crossbred composite in water at
approximately pH 5.
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Although the pinks are brilliant, the colours are not as deep as those described by Johnston
and Lucas (Figure 1.32, page 1.32).[8] This suggests that AuOLA particles may have
penetrated the porous structure of wool which is accompanied by a loss of colour.[8,267]
The exhaustion rate of the solution increased considerably as the number of treatments
increased. The enhanced uptake occurred without the need to increase the reaction
temperature indicating a progressively growing attraction between the colloidal particles
and the modified wool surface.
In order to study the agglomeration of AuNPs on the fibre surface, AuOLA–crossbred
composites were formed via four soaking cycles (4 × ≈ 0.3 mg Au3+ precursor) as well as
a single soaking cycle (1 × ≈ 1.2 mg Au3+ precursor) were compared. Figure 5.17 shows
the results obtained from both approaches.
Figure 5.17: Comparison of AuOLA–crossbred composites. (A) Coloured with 4 × AuOLA
(4 × ≈ 0.3 mg Au3+ precursor). (B) Coloured with 1 × AuOLA (1 × ≈ 1.2 mg Au3+ precursor).
SEM images of A and B with magnifications of (A1, B1) 1,800, (A2, B2) 15,000 and (A3,
B3) 40,000 showing AuNPs (bright white spots) on a wool fibre (grey background) with slight
electron beam damage (dark spots).
Both approaches produce pink wool as shown in Figure 5.17A and B. Composite A
featured a ‘clean’ colour indicating little or no AuNP agglomeration due to efficient steric
stabilisation of the AuNPs by OLA. This finding was confirmed by SEM images (A1–A3)
which show mostly discrete AuOLA particles on the fibre surface. Composite B was a
lilac hue indicating a small yet significant AuNP agglomeration. The SEM images (B1–
B3) show a very high population of AuNPs along the cuticle edges confirming particle
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agglomeration. This strongly suggests that successive treatments produce ‘cleaner’ colours
than a single treatment with the same concentration of AuOLA because the uptake is
kinetically controlled. Moreover, adsorption of excess OLA from the mother solution
and/or from the double-layer around the AuNPs might have a levelling effect as found
with KH2PO4 solution (Section 5.2.1.1).
The ability of AuOLA particles to continue to uptake without significant agglomeration even
after four soaking cycles is remarkable and is indicative for the strong steric stabilisation
of the AuNPs by OLA. This provides convincing evidence that OLA provides better
steric stabilisation to AuNPs than TA. The steric stabilisation is the ultimate key for the
‘clean’ colour observed for AuOLA particles whose LSPR properties on the wool surface are
identical to those in solution.
To evaluate the wash fastness of AuOLA–crossbred composites, the coloured wools were
hand washed as described in Section 2.2. The composites showed reasonable wash fastness
in cold tap water but no fastness in detergent solution. Primarily, this indicates that
the AuOLA–wool attraction is based on weak forces (e.g. van der Waals and hydrophobic
interaction) rather than on a stronger electrostatic interaction as found for, for example,
AuTA–wool composites.
To gain an understanding of the interactions between AuOLA particles and the crossbred
fibre surfaces, XPS analysis on AuOLA–crossbred composites was performed. The results
are presented in Figure 5.18 and the assignments are summarised in Table 5.1. As expected,
the surface of the AuOLA–crossbred composite contained gold, and the carbon, oxygen and
nitrogen, present in wool, as well as OLA and its derivates. The analysis also identified
calcium silicate contamination shown in A. High-resolution scans indicate an interaction
between oxygen and gold as well as nitrogen and gold (B–D). These observations are
consistent with those of Richardson and Johnston[269] and support the model for AuOLA
proposed by Liu et al.[152] Although the gold spectrum (E) is similar to that of OLA-capped
AuNPs reported previously,[270] the data did not contribute additional information to gain
deeper insight into the composition of AuOLA.
Previous work has documented the effectiveness of AuNPs as colourants for wool fibres
and the physical and chemical interactions that govern the formation of nanogold–wool
composites; for example, AuTA–crossbred composites were formed via electrical charge
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Table 5.1: XPS assignments for AuOLA–crossbred composites corresponding to the spectra in
Figure 5.18 (page 167).
Inset no. Element Compound type Binding
energy/eV
Atomic
percent/At%
A O 1s 531 10.32
N 1s 399 3.64
Ca 2p3/2 347 0.65
C 1s 284 62.55
S 2s 227 1.46
Si 2s 152 4.63
Si 2p1/2 101 16.56
Au 4f7/2 83 0.15
B O 1s Au2O3? 530.15 42.85
Average O
environment
531.59 54.61
Average O
environment
532.44 2.54
C N 1s N−Au? 397.37 8.33
C−N 398.36 25.51
Organic matrix 399.98 66.16
D C 1s C−N−Au? 283.48 47.43
C−C, C−H 285.00 35.78
C−O, C−N, C−S 286.92 11.23
C−O, O−C−O 287.92 5.56
E Au 4f Au07/2 83.30 58.35
Au05/2 86.97 41.65
attraction at low pH and the colour range was tuned by controlling the degree of AuNP
uptake rate/agglomeration (Section 5.2.1.1). However, this earlier study showed that AuTA
particles tended to agglomerate on the fibre surface. In order to avoid agglomeration, the
recent study used very stable AuOLA particles and investigated the successive uptake of
particles by wool for ‘clean’ composite colours.
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Here, it was found that AuOLA–wool composites exhibit brilliant pinks and magentas,
and that successive uptakes avoid significant particle agglomeration on the fibre surface.
These findings extend those of Burridge,[220] confirming that OLA is superior to both TSC
and TA as a capping agent for AuNPs. Thus, the current work adds a colloidal system
with positively charged particles to the suite of wool colourants. In addition, the XPS
study provided information that is consistent with the proposed formation mechanism of
AuOLA from previous work.[152] The current study therefore supports that the method of
successive treatments is preferable to single treatments, and that AuOLA is able to colour
wool without agglomeration.
To my knowledge this is the first study investigating AuOLA–wool composites. The results
provide substantial evidence for the deposition of essentially discrete AuNPs on the fibre
surface because of OLA’s large stabilisation capacity. However, the approach discussed here
requires further work to improve the wash fastness of the composites. Hence, this approach
has been chosen as the basis for developing a methodology to covalently link AuOLA to
wool in order to produce wash fast nanogold–wool composites with pre-synthesised AuNPs.
This investigation is addressed in Chapter 6.
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Figure 5.18: XPS spectra of AuOLA–crossbred composites including (A) a survey spectrum
and high resolution scans of (B) oxygen, (C) nitrogen, (D) carbon and (E) gold.
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5.2.1.3 Composites of newly developed nanogold and wool fibres
As described in Sections 4.1 and 4.3, the present work developed new synthetic methods for
colloidal AuNPs to be used in the production of nanogold–wool composites for wash fast
pink wool and blue wool. The colouration of wool fibres with AuNa2S2O5 , AuNa2S2O5/PVP,
and AuCHT colloids is discussed below.
AuNa2S2O5–crossbred composites
The current investigation involved the colouration of crossbred wool fibres with AuNa2S2O5
and AuNa2S2O5/PVP as described in Section 4.1. The AuNa2S2O5 particles are merely pas-
sivated by a layer of small SO2–4 ions allowing other charged species, such as the surface
functional groups of wool, to access the surface of these AuNPs for physical or chemical
interaction. This possible interaction could lead to a strong chemical bond between AuNPs
and wool surface as demonstrated for nanocomposites utilising the chemical affinity of
gold for sulfur in cystine amino acids in the wool fibre (Figure 1.32, page 1.32).[8]
The AuNa2S2O5–crossbred and AuNa2S2O5/PVP–crossbred composites had low wash fastness
indicating a weak physical interaction rather than the desired strong chemical interaction
between AuNPs and the wool surface. As can be seen in Figure 5.5a (page 148), the
composites B3 and C3 were grey indicating significant agglomeration of AuNPs on the fibre
surfaces due to insufficient particle stabilisation. This is consistent with results obtained
in the study of grey AuTA–crossbred composites (Figure 5.8, page 152). The AuNa2S2O5–
crossbred composite was slightly darker than the AuNa2S2O5/PVP–crossbred composite,
suggesting that the wool fibres took up more AuNa2S2O5 than AuNa2S2O5/PVP. This result
agrees with the estimated exhaustion of the soaking solutions which was approximately
95% for the AuNa2S2O5 colloid and 50% for the AuNa2S2O5/PVP colloid. It is assumed that
the neutral PVP layer reduced the negative ZP of the AuNa2S2O5 particles resulting in fewer
electrostatic interactions between the positively charged wool surface and AuNa2S2O5/PVP
particles. However, AuNa2S2O5/PVP particles were not expected to agglomerate (Section 4.1).
Nevertheless, these results suggest that AuNa2S2O5 can be used to produce grey wool as
an alternative to AuTA which tends to produce brown wool due to the oxidation of TA
(Section 5.2.1.1). As will be discussed in Section 6.2.1, AuNa2S2O5 is suitable as the starting
material to produce nanogold stabilised by 16-mercaptohexadecanoic acid (Au16-MHA)
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which could then be covalently linked to the surface of wool.
AuCHT–crossbred composites
This present investigation also included the colouration of crossbred fibres with the blue
AuCHT described in Section 4.3. The bright-blue colours of AuCHT particles results from
the multi-branched particle shape synthesised in a one-step, one-pot approach. The
particles are surrounded by a layer of positively charged CHT, which prevents particle
agglomeration due to steric stabilisation as well as charge repulsion. Based on previously
reported results,[60,271] it was assumed that negatively charged wool fibres would take
up positively charged AuCHT (ZP = 31.4 mV at pH 3.7), as found for AuOLA particles
(Section 5.2.1.2). However, the wool fibres remained uncoloured after the treatment,
indicating that no AuCHT particles had been taken up. This result suggests that the excess
CHT in solution hindered the uptake of dye molecules by wool due to the formation of a
CHT–dye complex proposed elsewhere.[272]
To remove excess CHT from the AuCHT colloids, the AuCHT particles were washed over three
cycles of centrifugation and redispersion in aqueous acetic acid (1 × 10-3 mol L-3, pH = 3.9)
as described in Section 2.3. However, the wool fibres did not take up these washed AuCHT
particles. This finding was consistent with that for the unsuccessful attempts to colour
wool with CTAB-stabilised AuNRs. Despite the efforts to remove excess/unbound CTAB,
wool did not take up those washed AuNRs.
Nevertheless, the optical properties of the AuCHT particles stayed virtually the same
despite repeated wash cycles and being used as soaking solution. This indicates that CHT
may be a superior stabilising agent. Future work should, therefore, focus on the use of
CHT conjugates as capping agent to facilitate binding of the blue AuCHT particles to wool
fibres. For example, thiolated CHT-derivates possess the same desirable properties as
CHT but offer additional moieties for specific surface chemistry.[273] Future work should
include carboxyl-functionalised CHT-derivates as capping agents in order to covalently
link the AuNPs to wool, in a similar way to nanogold stabilised by 3-mercaptopropionic
acid (Au3-MPA) or Au16-MHA particles (Section 6.2.2).
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5.2.2 Formation of nanogold–wool composites via flocculation
As well as deposition by electrical charge attraction (Section 5.2.1), the current uptake
studies also involved the formation of composites where both species possessed identical
surface charges. This approach utilised a flocculating agent (flocculant) which mediates the
interaction between negatively charged AuTA particles with negatively charged crossbred
wool fibres and vice versa.
5.2.2.1 Colouration
In a typical procedure, 60 mL of AuTA colloid and 1 g crossbred wool fibres were combined.
L-lysine monohydrochloride (10 g) was added in small (≈ 0.5 g) portions and mixed
thoroughly between additions. The mixture was left to stand for 24 h at RT. The synthesis
of AuTA is described in Section 3.1.2.1, however, no pH adjustment was made. Prior to
colouration, the wool fibres were soaked in distilled water for 1–2 h. The composites were
rinsed with cold tap water and left to air-dry at approximately 40 ◦C.
5.2.2.2 Results and discussion
Data obtained in a previous study[274] using poly(L-lysine) hydrobromide∗ to flocculate
negatively charged AuNPs indicated that the positively charged polyelectrolyte was
an effective flocculating agent. According to Murthy et al.,[274] the floc formed as a
result of interparticle polymer bridging and grew very slowly. The current study used
monomeric L-lysine monohydrochloride for AuTA–crossbred composites where both AuTA
and crossbred fibres possess identical surface charges. The AuNP concentrations varied
from 0.08–0.66 mg Au3+ precursor to be comparable with those used for the production
of AuTA–crossbred composites via charge attraction (Figure 5.7, page 152). Figure 5.19
shows the as-synthesised AuTA colloids before and after soaking.
As can be seen, the original colloids were bright pink and the colour intensity increased
with increasing AuNP concentration. The pH of the colloids ranged between 3.8 and 4.7
∗Poly(L-lysine) hydrobromide is derived from the ampholytic amino acid L-lysine.
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(a) Before soaking.
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(b) After soaking.
Figure 5.19: AuTA colloids used for the synthesis of AuTA–crossbred composites shown in
Figure 5.20 via flocculation induced by L-lysine. The respective pH values are displayed.
The quantities of Au3+ precursor used to synthesise AuTA were (A) 0.08, (B) 0.16, (C) 0.25,
(D) 0.33, (E) 0.49 and (F) 0.66 mg. (a) Before soaking, the colloids are bright pink. The
colour intensity increases with increasing AuNP concentration. (b) After soaking, the remaining
colour in the residual solution indicates a low level of AuNP uptake by the wool.
and increased with decreasing amounts of Au3+ precursor (HAuCl4). Both findings are
consistent with results obtained in Section 3.1.2. After the colouration process, the colloids
A and B were slightly yellow due to the L-lysine but appeared to be completely exhausted
of pink AuTA due to the uptake by the wool. Although the colloids C–F remained ‘murky’
pink to red, the composites were pale pink confirming attraction of AuNPs to the wool
fibres. However, the level of uptake was low. The pH values were increased by 1.2–1.5
units, respectively, indicating addition of basic L-lysine and simultaneous uptake of protons
by wool. According to Keating et al.,[215] a pH of 5.5–6 facilitates amino acid binding and
suggests that the conditions for L-lysine assisted flocculation were optimal.
A F
Figure 5.20: Photos of AuTA–crossbred
composites A and F synthesised via floc-
culation with L-lysine corresponding to
Figure 5.19.
Although the composites were pastel pink, the colour intensities were essentially identical
regardless of the AuNP concentration in the soaking solutions (Figure 5.20). This suggests
that the AuNP loading was similar for each composite and that this approach provides no
means of intensifying the colours by altering the AuNP concentration. It was noted that
during addition of 10 g L-lysine salt, samples A and B completely exhausted (i.e. seemingly
100% of the AuNPs were taken up by the wool fibres). In C–F, considerable amounts of
colloidal AuNPs remained in the dyeing liquor indicating that repulsion between wool and
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AuNPs prevented significant uptake.
Based on this observation, the flocculation was repeated by adding additional L-lysine to
C (2 g), D (2 g), E (5 g) and F (10 g) after the first batch of 10 g L-lysine had reacted
for 30 min. The addition made the soaking solutions more ‘murky’ but otherwise had no
significant effect on the exhaustion. This indicates that with 0.2–0.3 g mL-1 L-lysine a
critical flocculation concentration was reached.[275] Nevertheless, the results suggest that the
complete exhaustion occurred due to flocculation. The flocculation was possibly induced by
a combination of (1) charge neutralisation (“overcharging”), (2) electrostatic patching, and
(3) bridging through hydrogen bonding, while (4) charge inversion (“screening”) hindered
further exhaustion above the critical flocculation concentration.[275,276] The following model
shown in Figure 5.21 is proposed to explain the results.
Figure 5.21: Schematic model of possible flocculation mechanism of AuNPs derived from
classical flocculation models. Repulsion between like-charged AuNPs and wool is overcome
by charge neutralisation, electrostatic patches, bridging and/or screening with a flocculant
(L-lysine).
Previous work has documented the effectiveness of polyelectrolytes in destabilising colloids.
For instance, Murthy et al.[274] reported the effectiveness of poly(L-lysine) in flocculating
colloidal AuNPs. However, their studies used neither a monomeric amino acid nor focused
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on the flocculation of AuNPs onto substrates. The investigation presented in this thesis
tested the effectiveness of L-lysine as a flocculant for colloidal AuNPs to form AuTA–
crossbred composites.
Here, it was found that L-lysine facilitates flocculation of AuNPs but is inefficient. Com-
pared to composites obtained by electrical charge attraction (Section 5.2.1) the composites
were hardly coloured. As such, this approach was not pursued further.
5.3 Summary
In summary, it was shown that the uptake of AuNPs by wool is facilitated by intermolecular
and ionic forces. The forces involve the attraction of oppositely charged species as well
as the crosslinking of like-charged species by a flocculant. The forces provide low wash
fastness of the coloured wools and varies with the nature of the capping agent. The
primary parameter that governs the formation of nanogold–wool composites is the pH.
The stabilising capacity of the capping agent is the main factor that influences the level of
AuNP agglomeration on the fibre surface and consequently, the optical properties of the
composites. The level of AuNP agglomeration on the fibre surface is kinetically controlled
by the diffusion path lengths and by levelling agents, such as KH2PO4 or excess capping
agent that compete for reactive sites on the fibre surface.
More explicitly, it was found that
(1) wool in powder-like form is suitable for characterisation with DLS in order to obtain
qualitative data of the ZPs as a function of pH and ionic strength. The IER is at
approximately pH 2.2–3.8 where wool has positive ZPs at pH < 2.2, and negative
ZPs at pH > 3.8.
(2) AuTA–wool composites are produced at pH 2.7 where the ZP of the AuTA particles is
negative and that of wool slightly positive. The composites are pink, lilac and grey
depending on the level of AuTA particle agglomeration on the wool fibre surface. The
optical properties of the AuTA on the wool fibres are similar to those in solution below
a critical Au3+ precursor concentration of approximately 0.49 mg in 60 mL colloid,
and when the uptake is kinetically controlled by a sufficiently large diffusion path
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length. AuTA–wool composites show the best wash fastness out of the composites
produced via electrostatic interaction.
(3) AuOLA–wool composites are produced at pH 5.2 where the ZP of the AuOLA particles
is positive and that of wool negative. The particles on the wool fibres possess the same
optical properties as those of colloidal AuOLA particles due to steric stabilisation by
OLA. The composites with ‘clean’ pink colours are obtained by successive treatments
with low-concentrated AuOLA colloids. The uptake of particles by the wool increases
with increasing number of treatments and excess OLA acts as a levelling agent.
(4) CHT- and CTAB-capped AuNPs possess outstanding colloidal stability.
(5) attempts to produce composites comprising CHT- and CTAB-capped AuNPs and
wool were unsuccessful because the capping agents hindered the uptake.
(6) AuNa2S2O5– and AuNa2S2O5/PVP–wool composites are grey due to extensive particle
agglomeration on the fibre surface.
(7) flocculation is a possible but inefficient approach to produce composites comprising
like-charged species.
Overall, the study demonstrates that electrostatic charge attraction between wool and
colloidal AuNPs facilitates the formation of nanogold–wool composites. The composites
show a low level of wash fastness, which offers the opportunity for improvement as discussed
in Chapter 6.
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Chapter 6
Development of new methodologies:
Covalent linkage of nanogold to the surface of
wool
As described in Chapter 5, nanogold–wool composites were successfully synthesised utilising
the coulombic attraction between electrically charged AuNPs and the charged surface of
wool. However, the composites generally had a low wash fastness. In order to improve
the wash fastness, new methodologies were developed in an attempt to covalently link the
AuNPs to the wool surface.
6.1 Formation of nanogold–wool composites with nanogold pro-
duced by reduction and stabilisation with N,N′-cystinebisacryl-
amide (AuCiBA)
The current investigation involved forming and characterising nanogold–wool composites
with the AuCiBA described in Section 4.2. Like commercial reactive dyes, the acryloyl
moiety of AuCiBA is able to react with the amino acid residues of wool, forming a strong
AuNP–wool linkage, which is essential for excellent wash fastness properties.
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6.1.1 Colouration
Yarns made of strong and fine merino wool, and loose crossbred fibres were coloured with
AuCiBA colloids produced from 240, 480 and 960 µL HAuCl4 solution according to protocol
B (Section 4.2). Before colouration the wool was equilibrated in 100 mL distilled water
at RT for 24 h and patted dry to ensure wetability of the surface. Wool (1 g) was then
immersed in 60 mL AuCiBA colloid, which was adjusted to pH 3.0 and soaked at RT for
73 h. The total volume of the soaking solution was increased to approximately 150 mL
with distilled water to provide sufficient liquid for the boiling step. The temperature was
raised to boiling quickly and maintained there for 30 min. The coloured wool was removed
from the soaking solution, rinsed with distilled water and left to dry at approximately
40 ◦C. The pH of the soaking solutions was measured before and after boiling. Composites
were characterised with ColorQuest spectrophotometry and SEM.
6.1.2 Results and discussion
In a previous study,[277] N,N′-methylene bisacrylamide (MBA) was used as a bifunctional
crosslinker between reactive dyes and wool. The results indicated the formation of a
covalent dye–fibre bond with a dye fixation of 80% when dyed at pH 8 at 110 ◦C for 1 h.
In the current study, CiBA, which is similar to MBA, was used as a crosslinker between
AuNPs and wool. Here, the reactions were performed under relatively mild conditions to
inflict as little fibre damage and AuNP agglomeration as possible.[22,278] Figure 6.1 shows
the composites resulting from colouring yarns made of coarse and fine merino with AuCiBA
(Figure 4.4a, page 122).
As can be seen, the coloured yarns were a pale pink, lilac and grey. The lilac and grey
indicate agglomeration of AuCiBA particles on the fibre surface. The colours were more
intense and greyer with higher AuNP concentrations consistent with results obtained for
crossbred wool coloured with AuTA (Figure 5.7 and Section 5.2.1.1). Yarns with a greater
average fibre diameter generally had a red hue, indicating little agglomeration of AuNPs on
the fibre surface (Figure 6.1a). However, it was noted that the yarns contained significant
quantities of lubricants of unknown chemical composition from the manufacturing processes.
The presence of these substances could well lead to the uncontrolled formation of transient
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(a) Yarn made of crossbred wool. (b) Yarn made of fine merino.
Figure 6.1: Photos of AuCiBA–yarn composites. Yarns (1 g) were coloured with the AuCiBA
colloids previously shown in Figure 4.4a. Colour intensity and greying increased with increasing
AuNP concentration. The colloids were produced with (A, D) 0.3 mg, (B, E) 0.6 mg and (C,
F) 1.2 mg Au3+ precursor.
AuNP–lubricant complexes that (1) interferes with the colouration, and/or (2) causes
particle agglomeration.
Figure 6.2: Colouration profile of sample
A shown in Figure 6.1a. Before adding the
wool, the pH of the AuCiBA colloid contain-
ing 0.3 mg Au3+ precursor was 3.0. During
the soaking for 73 h, the pH increased
to 4.8. The colour of the soaking solution
was lilac and the exhaustion was approx-
imately 50%. After the addition of H2O,
the pH increased to 6.2. After boiling, the
pH was 4.4, the solution was completely
decolourised and the wool was a pale pink.
The colouration profile of sample A shown in Figure 6.1 was chosen to illustrate the
changes observed during the colouration process of yarns with AuCiBA (Figure 6.2). As
can be seen, within the first 73 h the pH of the soaking solution increased by 1.8 units
indicating a considerable uptake of protons as well as AuNPs by the wool. Again this
agrees with results obtained for crossbred wool coloured with AuTA (Figure 5.7, page 152).
Visual examination showed that the colour of the colloid changed from red to lilac while
the colour decreased by approximately 50% in intensity, indicating particle agglomeration
in solution. This observation suggests that AuCiBA exhibits low stability with respect to
pH and lubricant effects. Upon dilution with distilled water, the pH of the soaking solution
increased by 1.4 units. The colour of the colloid was lilac due to AuNP agglomeration. No
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further uptake was observed. To promote a AuCiBA–wool bond through the acryloyl tail
of CiBA and a R−NH2 group of the amino acid residues of wool, the sample was boiled
for 0.5 h. After the boiling step, the yarns were coloured in hues of lilac and the solution
completely exhausted indicating the entire uptake of AuNPs by the wool. Although AuNP
particle agglomeration in solution was observed, the colloidal system did not collapse as
evident from the lilac colour of the solution.
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(b) AuCiBA (O–Au linkage) bound to wool.
Figure 6.3: Schematic illustration of possible covalent linkage between AuCiBA and the wool
surface. As shown in Figure 4.9 (page 127), CiBA adsorbs to AuNPs via sulfur or oxygen
species stabilising and functionalising the particles. The acryloyl tail of CiBA reacts with the
R−NH2 (and/or R−SH) amino acid residues of wool, linking AuCiBA particles to wool.[277]
The proposed formation mechanism for the chemical reaction between AuCiBA and the
amino acid residues of wool is schematically illustrated in Figure 6.3. It is assumed that
the boiling step facilitated the nucleophilic attack at the Cβ position of the α,β-unsaturated
double bond of CiBA via Michael addition, covalently linking the AuNPs to the lysine
(R−NH2) residues of wool. The chemical reaction can also involve the cystine (R−SH)
residues of wool.[78,277] Because the nature of the Au–CiBA bond has not been resolved
yet, the illustration shows two possible linkages (Figure 4.9, page 127).
To examine the stability of the AuCiBA–fibre bond, a composite of loose crossbred fibres
and AuCiBA was hand washed following the method described in Section 2.2. The resulting
composite was assessed visually, by ColorQuest spectrophotometry and SEM immediately,
after synthesis, and after one and two wash cycles. The wash fastness was slightly better
than for nanogold–wool composites formed via electrostatic interaction (Section 5.2). As
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can be seen in Figure 6.4, the as-synthesised AuCiBA–crossbred composite was grey with
a slight lilac shade (G) indicating particle agglomeration on the fibre surface. Analyses
using SEM and EDS confirmed rather large ‘islands’ of close-packed, multi-layered gold
agglomerates predominantly in the proximity of the cuticle edges (G1–G3). These findings
are consistent with results previously reported.[241] Although the first washing step removed
significant amounts of unbound AuNPs as is evident from the loss of colour intensity (H),
considerable numbers of gold agglomerates remained immobilised on the wool surface as
evident from analyses of the wool colour visually and with SEM (H1–H3). The colour
fixation is estimated as approximately 50%, significantly less than the previously reported
80%.[277] This finding indicates that the reactivity of the acryloyl moiety of the CiBA was
lower than expected and that fewer chemical AuCiBA–wool bonds formed as anticipated.
Based on the examination of several fibres by SEM, the spatial density of the particles
appeared to be lower compared to the as-synthesised composite (G) agreeing with the
visual assessment of the colour intensity of the coloured composite (data not shown). After
the second wash, the colour of the composite (J) remained virtually unaltered showing
that the second wash removed little of the AuNPs from the fibre surface. Results obtained
by SEM (J1) agree well with the visual results; however, severe fibre damage by the SEM
electron beam made this evaluation difficult. It remains unclear whether the fading of the
colour was due to weak Au–CiBA or CiBA–wool bonds.
The colours of the composites G and J shown in Figure 6.4 were determined by the CIELAB
system described in Section 2.4.2. Based on this system, the total colour difference of G
after 2 wash cycles was ΔE* = 7.3 [Equation (2.4)]. This was calculated from the data
given in Table 6.1.
The colour space values L*, a* and b* summarised in Table 6.1 imply that few AuCiBA
particles were strongly bound to the fibre surface and many had been removed during
the two washes. This indicates that the (1) number of bonds formed were not enough to
withstand the mechanical stress during the hand wash, (2) reactivity of the acryloyl group
of CiBA was relatively low under the conditions used, and/or (3) premature agglomeration
of the AuNPs sterically hindered the reaction between CiBA and wool.[277,278] The colour
change was consistent with the results obtained by SEM analysis (Figure 6.4) and visual
examination.[280,281] However, visual examinations suggested that the colour change between
the first and the second wash was minor.[282] This indicates that most of the unbound
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Figure 6.4: SEM and EDS analyses of a grey AuCiBA–crossbred composite (G) immediately
after colouration, (H) after the 1st wash, (J) and the 2nd wash in detergent solution. Colours
were less intense after the wash cycles indicating the removal of AuNPs. SEM images show
bright white spots which are gold according to the corresponding EDS maps.
Table 6.1: CIELAB colour space values L*, a* and b* of the AuCiBA–crossbred composites G
and J shown in Figure 6.4. Calculations were made according to Equations (2.1) to (2.4).[279]
CIE coordinates Composite G
(unwashed)
Composite J
(G after 2nd
wash)
Difference Δ Meaning
L* 57.79 64.80 7.01 J was lighter
than H
a* 0.86 0.55 −0.31 J was less red
than H
b* −0.97 1.11 2.08 J was less
blue/more yellow
than H
180
AuNPs were removed by the first wash, and suggests that the AuNPs remaining on the
wool were more strongly bound. These results show that CiBA is able to link AuNPs to
the wool surface to give grey composites with a lilac hue, but that agglomeration interferes
greatly with the reaction.
Previous work has documented the effectiveness of crosslinking agents in covalently binding
dyes to wool. Lei et al.,[277] for example, report that the bisacrylamide MBA links
nucleophilic aminoalkyl dyes with the amino or thiol residues of wool. However, these
studies have focused on colouring wool with conventional reactive dyes, creating a product
that fades when exposed to light. The current investigation tested the capability of CiBA,
also a bisacrylamide compound, to colour wool with non-fading AuNPs in order to create
a superior, wash fast product.
The current study found that CiBA linked substantial amounts of AuNPs to wool to give
pale pink, lilac and grey composites. These findings extend those of other researchers[206,267]
and provide a proof-of-concept that engineered AuNPs with special surface functionalities
can be used to produce nanogold–wool composites of superior wash fastness. In addition,
the improvements noted in the current work were applicable to yarns as well as loose fibres.
Therefore, the current study indicates that AuCiBA colloids can be used as model systems
for designing and applying more reactive capping agents to AuNPs, since the reactivity of
CiBA may be relatively low.
Most notably, this is the first study to my knowledge that develops a methodology to
bind AuNPs to wool in a way analogous to reactive dyes. The results of the current
work provide evidence for a strong interaction between the wool surface and AuNPs and
that this approach provides a simple and effective method for producing more wash fast
nanogold–wool composites. Future work should include (1) investigating the nature of the
AuCiBA–wool bond, (2) wash fastness testing according to industry standards, (3) scale-up,
(4) synthesis of a CiBA analogue with a highly reactive α-bromoacrylamide tail, and most
challenging, (5) designing an approach to overcome AuNP agglomeration on the fibre
surface to retain the LSPR characteristics observed for colloidal AuNPs in solution. The
latter is addressed below.
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6.2 Formation of nanogold–wool composites produced with cross-
linking reagents
As discussed in Section 5.2.1.2, AuOLA led to effective interparticle spacing that prevented
particle agglomeration. However, AuOLA interacted weakly with wool fibres resulting in low
wash fastness of such AuOLA–wool composites. To improve the AuNP–wool interaction, the
OLA ligand of AuOLA was exchanged with bifunctional carboxylic acid terminated alkane
thiols. These compounds were 3-mercaptopropionic acid (3-MPA) and 16-MHA. In order to
activate the carboxyl group of such bifunctional AuNP ligands, the crosslinking reagents N -
(3-dimethylaminopropyl)-N′-ethylcarbodiimide (EDC) and N -hydroxysuccinimide (NHS)
were employed. The present work presents (1) the functionalisation of AuOLA particles
with bifunctional thiols via ligand exchange to produce Au3-MPA and Au16-MHA, and (2) a
new methodology to covalently link Au3-MPA and Au16-MHA to wool.
6.2.1 Functionalisation of nanogold surface via ligand exchange
The current investigation produced AuNPs stabilised with carboxylic acid terminated
alkane thiols to produce AuNPs with specific surface chemistry for wool colouration.
These colloidal AuNPs, hereinafter referred to as Au3-MPA and Au16-MHA, were synthesised
by using AuOLA particles as starting material and exchanging OLA separately with the
alkanethiols 3-MPA and 16-MHA. The functionalised AuNPs are shown schematically in
Figure 6.5 where the thiol head groups adsorb onto the gold surface while the carboxylate
tails interact with the immediate environment. This arrangement leads to electrostatic
stabilisation in the aqueous medium and allows reaction with other species, such as primary
amines.
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Figure 6.5: Schematic illustrations of AuOLA, Au16-MHA and Au3-MPA particles.
6.2.1.1 Synthesis
The preparation of Au3-MPA by ligand exchange was carried out in toluene using the
procedure developed by Shen et al.[270]
Synthesis of AuOLA. AuOLA was produced in non-aqueous medium by mixing 0.79 mg
HAuCl4· 3H2O with 10 mL OLA (70%) and 100 mL toluene. The reaction container
was flushed with argon and tightly closed before leaving the mixture undisturbed in
a water bath at 65 ◦C for 10 h. The solution turned dark-red indicating AuNPs. A
thin film of metallic gold was left floating on top of the colloid.
Removal of excess OLA and metallic gold. Excess OLA and metallic gold were re-
moved from the AuOLA colloid by adding 40 mL ethanol. This induced particle
precipitation with the solution turning opaque. After centrifuging at 700 RCF for
3–4 min, the slightly yellow supernatant containing excess OLA was discarded. The
firm pellet was redispersed in heptane.∗ The colloidal AuNPs were decanted and
transferred into a storage bottle. Overnight, a black precipitate of aggregated AuNPs
formed which was removed by decanting the dark-red AuOLA colloid.
Exchange of OLA with 3-MPA on AuNP surfaces. AuOLA (12 mL) were added to
∗Metallic gold is insoluble in heptane and settles out.
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10 mL heptane and 5 mL 3-MPA. The AuNPs were quickly transferred from the
non-polar toluene phase into the polar 3-MPA phase. The colour of the AuNPs
changed from red to blue indicating particle agglomeration. The mixture was left at
RT on a shaker table (20–25 rpm) for 17 h.
Removal of excess 3-MPA. The toluene phase was removed from the blue Au3-MPA
particles using a pasteur pipette. The Au3-MPA particles were washed by at least
three cycles of centrifugation and redispersion in acetone to remove excess 3-MPA.
The wash cycles were repeated until the solution no longer smelt of thiol. After the
last wash cycle, the supernatant was discarded and the blue Au3-MPA particles were
redispersed in distilled water or aqueous buffer solutions. The buffers used were
sodium borate∗ at pH 9.0 and 2-(N -morpholino)ethanesulfonic acid (MES) at pH 4.7.
Both buffers had a concentration of 0.1 mol L-1.
The preparation of Au16-MHA through ligand exchange was carried out in aqueous medium
similarly to the method described above for the production of 3-MPA.
Synthesis of AuOLA. AuOLA was synthesised in an aqueous medium as described in
Section 3.1.3.1 (page 76).
Removal of excess OLA. Excess OLA was removed by washing AuOLA twice with
CHCl3 for 1–2 min as described in Section 2.3.2. In order to avoid charge attraction
between positively charged OLA and negatively charged 16-MHA, the pH of the
colloidal solution was adjusted to 11.3. The agglomerates formed were removed by
filtration with a 0.22 µm syringe filter. The AuNPs in the clear red solution had a
ZP of zero indicating that the amino head group of AuOLA was neutral.
Exchange of OLA with 16-MHA on AuNP surface. The washed AuOLA colloid
was mixed with 2 mL 16-MHA solution (0.01 M, in ethanol) and left to react
in a water bath at 40 ◦C for 64 h. The pH of the magenta–red colloid was 3.4.
Optical and structural characterisation of Au3-MPA and Au16-MHA was performed using
visible absorption spectroscopy, TEM and DLS technique. Data obtained with Raman
spectroscopy were inconclusive.
∗No NaCl was added.
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Figure 6.6: Photos of the ligand exchange of OLA with 3-MPA on the surface of AuNPs in
aqueous medium over time. (A) Red AuOLA in aqueous medium. (B) Partial exchange of OLA
with 3-MPA indicated by the blue phase at the interface between red AuOLA and the colourless
3-MPA phase. The blue colour is due to particle agglomeration. (C) Complete exchange of
OLA with 3-MPA is indicated by disappearance of the red AuOLA phase upon mixing. (D) Blue
Au3-MPA. Ligand exchange of OLA with 3-MPA in toluene produced virtually identical colours
to those shown here.
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Figure 6.7: Visible absorption spectra of
(A) AuOLA and (B) Au3-MPA colloids. Both
systems were in H2O. Excess surfactants
were removed.
6.2.1.2 Results and discussion
Data obtained in previous studies[153,270,283,284] indicated that OLA on the surface of AuOLA
particles can be readily displaced by thiols. According to Shen et al.,[270] OLA was replaced
with water-soluble 3-MPA using phase-transfer methodology. The current study replicated
the work of Shen et al.[270] in order to produce water-soluble AuNPs with a carboxylic
functionality which is able to then react in aqueous medium with the primary amines of
the amino acid residues of wool. Figure 6.6 shows images illustrating the colour change
from red to blue that is indicative for particle agglomeration and was induced by the
reaction of AuOLA with 3-MPA.
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Figure 6.8: TEM of Au3-MPA particles synthesised in toluene and washed with acetone.
(A) Large area TEM showing large islands of agglomerated/aggregated AuNPs. (B) Higher
magnification of A showing a cluster of Au3-MPA particles.
As can be seen, at the 3-MPA–colloid phase boundary the colour changed from red to
blue indicating particle agglomeration. The finding is consistent with results previously
obtained and provides evidence for the exchange of OLA with 3-MPA on the surface of
the AuOLA particles.[270] The result suggests that the OLA desorbed from the gold surface
and the particles started to aggregate. The aggregation is stopped by the adsorption of
the 3-MPA and the final Au3-MPA particles are obtained.[230] Although the colloids shown
in Figure 6.6 were in aqueous medium, colloids in toluene looked identical. The blue
colour of Au3-MPA resulted from considerable particle agglomeration, as is evident from the
broad absorbance starting at approximately 520 nm that tailed into the infrared region
(Figure 6.7). These results are in good agreement with those obtained elsewhere.[270,283]
To identify the structural properties of Au3-MPA, the particles were examined using TEM.
As is evident from Figure 6.8A, the particles formed irregularly shaped islands with longest
spreads of several hundred nanometres. Based on the high density of the structures,
it can be assumed that the particles assembled in multiple layers. Figure 6.8B shows
that the islands consisted of numerous, clustered Au3-MPA particles. The high-resolution
TEM image shows that the Au3-MPA particles are irreversibly associated in aggregates
(Figure 6.9).[285]
Although the Au3-MPA aggregates tended to sediment because of their remarkably large
size, the aggregates readily redispersed in aqueous media upon shaking. The ZP of the
AuNPs changed significantly from positive (see Figure 3.15, page 80) to −31 mV during the
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Figure 6.9: High-resolution TEM image
of Au3-MPA aggregates consisting of coa-
lesced multiply twinned AuNPs.
reaction. This confirms the exchange of positively charged OLA with negatively charged
3-MPA on the AuNP surface.
Based on the particle aggregation in the synthesis of Au3-MPA, it was assumed that a
3-MPA-homologue with a sufficiently long alkyl chain may prevent particle agglomeration.
Consequently, the OLA layer on the surface of AuOLA particles had been exchanged
with 16-MHA molecules in aqueous medium (Section 6.2.1.1). Figure 6.10 shows visible
absorption spectra and images of AuOLA and Au16-MHA to compare the optical properties
of both colloids.
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(a) Visible absorption spectra of (C) AuOLA
and (D) Au16-MHA. The redshift indicates the
association of 16-MHA with the AuNPs.
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(b) Images of (C) brilliant red AuOLA and
(D) opaque magenta–red Au16-MHA colloids.
Note: Spectra to the left were obtained from
a different sample set than shown here but
colours were essentially identical.
Figure 6.10: Optical properties of AuOLA and Au16-MHA.
As can be seen for Figure 6.10a, the LSPR band was red-shifted by 3 nm upon reaction of
AuOLA with 16-MHA. This indicates a change to the local dielectric environment of the
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AuNPs due to functionalisation with the thiol molecules.[145,286] The peak shape and width
remained almost constant confirming that no particle agglomeration occurred.[190] The
Au16-MHA colloid was stable and had a ZP of −30 mV at pH 11.3 indicating deprotonation
of the 16-MHA acid on the particle surface. Sulfur-containing molecules are considered
to exhibit a stronger affinity for gold than nitrogen-containing molecules and this allows
16-MHA to displace OLA on the AuNP surface.[191] However, in the current work it was
noted that the ZPs of the functionalised AuNPs did not always change from a positive to
a negative value as expected on exchange of positive OLA with negative 16-MHA. This
strongly suggests that the surface charge of the particles is still determined by OLA rather
than 16-MHA and this is attributed to insufficient ligand exchange. This finding was
observed a number of times indicating that the ligand exchange reaction using AuOLA and
16-MHA tends to be unreliable. Despite this, the results suggest that the data obtained
provide insightful information for the functionalisation of nanogold via ligand exchange.
To achieve specific 16-MHA–AuNP binding, a method was developed that used the newly
developed AuNa2S2O5 (Section 4.1.1, page 114, method A) as starting material and the non-
ionic surfactant Tween 20 as steric stabiliser.[190] Such nanogold (AuNa2S2O5/16-MHA/Tween)
exhibited strong LSPR at λmax = 538–541 nm which is a purplish red colour (Figure 6.11).
This is in good agreement with results obtained elsewhere.[190] The presence of Tween was
found to be critical during the ligand exchange reaction. Ligand exchange reactions using
AuNa2S2O5 and 16-MHA without Tween resulted in large flocks of Au16-MHA indicating that
the AuNPs were linked via hydrogen bonding and hydrophobic interaction of the alkyl tail.
DLS measurements showed that the nanogold produced by reduction with Na2S2O5 and
stabilisation with 16-mercaptohexadecanoic acid and Tween 20 (AuNa2S2O5/16-MHA/Tween)
particles had a slight negative ZP of −3 mV at pH 3.3. This pH is below the pK a of
self-assembled 16-MHA at pH 6.3 resulting in low acid dissociation of the 16-MHA and
consequently, little electrical charge.[287] The ZP results indicate that the colloidal stability
of AuNa2S2O5/16-MHA/Tween is pH independent. This suggests that the negatively charged
SO2–4 ions on the surface of AuNa2S2O5 were replaced by neutral Tween and most importantly,
16-MHA that provide steric stabilisation. This finding is consistent with the stability of
highly concentrated colloids with an absorbance of up to 1.3 at λmax. In comparison to the
ligand exchange with 3-MPA, the approach using 16-MHA in the presence of Tween 20
prevented AuNP agglomeration/aggregation.
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Figure 6.11: Visible spectra of (E) AuNa2S2O5 , (F) AuNa2S2O5 plus Tween 20, (G)
AuNa2S2O5/16-MHA/Tween after 1.5 h, (H) AuNa2S2O5/16-MHA/Tween after 2.5 h, and (K)
AuNa2S2O5/16-MHA/Tween after coupling reaction with wool. (a) The very low absorbance of
K indicated approximately 95% uptake of AuNa2S2O5/16-MHA/Tween by wool. The inset shows
the purplish red colour of G. (b) Adsorption of 16-MHA onto gold surface was indicated by
Δλmax = 3 nm and decrease of absorbance.
Prior work has documented the effectiveness of ligand molecules with a thiol head group,
an alkyl backbone and a carboxylic tail in functionalising pre-synthesised AuNPs via
ligand exchange. For example, Sperling and Parak,[191] provide a comprehensive review
on methodologies for modifying and functionalising the surface of colloidal inorganic
nanoparticles. In the current work, the method reported by Shen et al.[270] was replicated
and modified in order to produce carboxyl-functionalised Au3-MPA and Au16-MHA from
hydrophobic AuOLA.
In the present study, AuNPs formed blue aggregates upon reaction with 3-MPA. The
colour change indicated the successful functionalisation of nanogold in non-polar as well as
aqueous media. These findings extend those of Shen et al.,[270] and confirm that the method
can be applied to experiments in water. This will avoid organic solvents and involve shorter
reaction times to produce AuOLA (10 h down to 3 h). In addition, high-resolution TEM
images provided evidence for coalesced AuNPs within particle aggregates and negative
ZPs confirmed the association of 3-MPA with the AuNPs. This study, therefore, indicates
that the method reported by Shen et al.[270] for producing carboxyl-functionalised Au3-MPA
colloids was successfully reproduced and improved.
The current study also showed that the ligand exchange with 16-MHA was frequently
189
unreliable and made the substitution of hazardous 3-MPA as a ligand exchange molecule
preferable. Hence, the new method for AuNa2S2O5/16-MHA/Tween presents a reliable alterna-
tive to carboxylic-functionalisation of nanogold via ligand exchange reactions that were
previously reported. Future work should include a systematic study of the structural,
physical and chemical properties of AuNa2S2O5/16-MHA/Tween.
6.2.2 EDC/NHS promoted synthesis of nanogold–wool composites
This current study involved reacting carboxyl-functionalised Au3-MPA (blue colloidal AuNPs)
and Au16-MHA (red colloidal AuNPs) with primary amines of amino acid residues of
wool utilising carbodiimide crosslinker chemistry to produce wash fast nanogold–wool
composites.
6.2.2.1 Colouration
The production and evaluation of nanogold–wool composites promoted by EDC and NHS
was based on methods reported previously.[198] Here, the preparation was as follows:
Synthesis of carboxyl-functionalised AuNPs. Colloidal solutions of Au3-MPA and
Au16-MHA were prepared as described in Section 6.2.1.1. The solutions were aged for
more than 12 days at RT before use.
Removal of surface lipids from wool. To prepare Pettinata wool for colouration, the
natural hydrophobic 18-MEA layer (Section 1.1.1.4) was removed from the wool
surface as reported by Meade et al.[70] The wool was then kept in distilled water in
the dark for up to four days before colouration.
Formation of nanogold–wool composites promoted by EDC/NHS. Colloidal so-
lution (1 mL) of Au3-MPA or Au16-MHA was mixed with 2 mL MES buffer (0.1 mol L-1,
pH 4.7), 0.15 g EDC and 0.30 g NHS for 30 seconds. The mixture was left at RT on
a shaker table (25 rpm) for 15 min. After addition of 10 mL MES buffer (0.1 mol L-1,
pH 4.7), 0.15 g Pettinata wool was added. The mixture was left on a shaker table
(25 rpm) for 18 h at RT. The coloured wool was removed, patted dry and left to
air-dry at approximately 40 ◦C.
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The nanogold–wool composites were hand wash tested as described in Section 2.2 and
examined visually and by SEM before and after the hand wash testing.
6.2.2.2 Results and discussion
Data obtained in previous studies[70,192,194,199,286] using EDC/NHS coupling indicated
that carboxylic acid terminated particles were covalently linked to amines. According
to Meade et al.,[70] EDC/NHS coupling of carboxyl-functionalised resin MPs with the
amino acid residues of wool produced MP–wool composites with moderate durability
to solvent washing. The current work produced blueish grey and pink nanogold–wool
composites by reacting blue Au3-MPA or red Au16-MHA with wool. The composites were
hand washed in water and detergent solution to evaluate the durability of the AuNP–wool
bond. Figure 6.12 shows photos and SEM images of a Au3-MPA–Pettinata composite
as-synthesised (A) and after one wash cycle in detergent (B).
Figure 6.12: Photos of a greyish blue Au3-MPA–Pettinata composite (A) as-synthesised and
(B) after one wash in detergent solution. They show reasonable durability to hand wash.
(A1, A2) SEM images of composite A showing large particle agglomerates on the surface of
the wool fibre (white spots). (B1, B2) SEM images of composite B showing slightly smaller
agglomerates than A on the wool fibre surface (bright white spots). Dark spots are an artifact
of electron beam damage. (A3, B3) EDS analyses of composites A and B confirm gold on the
wool fibre surface, as indicated by the red markers.
SEM and EDS analyses confirmed that remarkably large AuNP agglomerates were de-
posited on the wool fibre surface. This is consistent with results obtained in the study
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of Section 6.2.1.2 and elsewhere.[70,286] The substantial, multi-layered accumulation of
close-packed particles preferentially near the cuticle edges (A1 and B1) appeared to be
a result of a flux caused by the horizontal motion applied during the uptake.[288] The
deposition of the AuNPs in areas of high free surface energy indicates that the selection of
attachment sites is thermodynamically driven. This is consistent with findings for AuTA
particles, discussed in Section 3.1.2. Unlike the AuTA particles, however, the Au3-MPA here
are expected to be covalently bound. Upon washing composite A in detergent solution, the
intense greyish blue colour of the Au3-MPA–Pettinata composite decreased significantly to an
indistinct grey. This indicates the removal of unbound AuNPs (B). Carbodiimide coupling
chemistry is a well-established method to conjugate carboxyl-functionalised AuNPs to a
primary amine or thiol through an amide bond (Figure 6.13). However, only AuNPs in the
direct vicinity of the amino groups on the wool fibre surface are able to bind covalently
to the substrate.[105] AuNPs out of reach of these reaction sites remain unbound and are
removed during washing.
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Figure 6.13: Schematic illustration of EDC/NHS assisted carboxyl-to-amine crosslinking
reaction to covalently bind AuNPs to the amino (or thiol) residues of wool.
Although Au3-MPA–Pettinata composites showed considerable durability to hand washing,
the opposite was found with intensely pink Au16-MHA–Pettinata composites (Figure 6.14a).
Hand washing of composite C completely removed the AuNPs from the wool (D) indicating
that (1) the particles were electrostatically bound to the wool surface, (2) no or little
covalent bonding between Au16-MHA and wool occurred, and/or (3) a single attachment
point between Au16-MHA and wool was not strong enough to withstand mechanical forces,
such as hand washing.[70]
Figure 6.14b shows that the optical properties of the AuNPs after removal from the wool
were essentially identical to those before the EDC/NHS coupling reaction was performed.
The finding strongly suggests that the coupling reaction with EDC/NHS was unsuccessful
in binding the AuNPs to the wool surface. This indicates that the as-synthesised AuOLA
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particles were unaffected by attempts to exchange OLA with 16-MHA. The virtually
identical absorbances at 526 and 530 nm indicate that the recovery rate of the AuNPs
dissociate from composite C is close to 100%. It is remarkable that the AuNPs stayed
completely unchanged despite the treatment. This confirms the superior colloidal stability
of AuOLA particles (Sections 3.1.3 and 5.2.1.2).
(a) Photos of Au16-MHA–Pettinata compos-
ites (C) before and (D) after washing demon-
strating no durability to hand wash.
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(b) Visible spectra of as-synthesised
Au16-MHA (C) before EDC/NHS coupling
with wool and (D) after the removal from
wool by washing. The inset shows the pink
Au16-MHA colloid before the coupling reaction
at four times the concentration than used
for recording spectrum C.
Figure 6.14: Optical properties of Au16-MHA–Pettinata composites before and after the hand
wash testing.
Interestingly, approximately 90% uptake of the Au16-MHA was completed within 30 min.
This is a time saving of 98% compared to the uptake times of AuOLA particles discussed in
Section 5.2.1.2. The result indicates that the EDC/NHS treatment ‘drives’ the Au16-MHA
towards reactive sites of the wool surface. The Au16-MHA–wool interaction at a pH above
the IER of wool confirms that the driving force is stronger than electrostatic repulsion. The
fast uptake resulted in Au16-MHA–Pettinata composites that were intensely pink indicating
that no significant particle agglomeration on the wool surface occurred. This finding does
not agree with those obtained for AuTA–crossbred composites (Section 5.2.1.1), which show
considerable agglomeration due to insufficient stabilisation for similarly short uptake times.
However, the findings provide strong evidence that sterically stabilised AuNPs do not tend
to agglomerate and retain their optical properties on the fibre surface, independently from
the uptake kinetics.
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To improve the level of functionalisation of the AuNPs with α,ω-thiocarboxylic acid,
AuNPs were reduced with NaBH4 in the presence of mercaptosuccinic acid (MSA) or
16-MHA.[289] Such AuNPs are referred to as (1) nanogold produced by reduction with
NaBH4 and stabilisation with mercaptosuccinic acid (AuNaBH4/MSA), and (2) nanogold
produced by reduction with NaBH4 and stabilisation with 16-mercaptohexadecanoic acid
(AuNaBH4/16-MHA). The optical properties of AuNaBH4/MSA and AuNaBH4/16-MHA in solution
and immobilised on wool are shown in Figures 6.15a and 6.15b.
(a) A light-brown AuNaBH4/16-MHA–
Pettinata composite. Hand wash testing
with detergent indicates strong AuNP–wool
bond.
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(b) Visible absorption spectra of
AuNaBH4/MSA colloids (E) before and
(F) after coupling reaction with wool. The
brown colour indicates very small AuNPs
without an LSPR band. AuNaBH4/16-MHA
showed essentially identical optical proper-
ties.
Figure 6.15: Optical properties of Pettinata wool coloured with brown AuNaBH4/MSA particles
by EDC/NHS coupling.
As can be seen in Figure 6.15b, the AuNaBH4/MSA particles did not exhibit LSPR, indicating
a size smaller than 3 nm.[289] AuNaBH4/16-MHA particles exhibited identical optical properties
to AuNaBH4/MSA particles (data not shown). Immobilisation of AuNaBH4/16-MHA particles
onto wool via EDC/NHS coupling resulted in light-brown composites (Figure 6.15a).
This shows that the AuNPs retained the optical characteristics of those seen for colloidal
AuNPs. This finding is consistent with the results obtained for Au16-MHA/AuOLA particles
(Figure 6.14). The AuNaBH4/16-MHA–Pettinata composites appear to have very good wash
fastness, indicating a strong link between AuNPs and wool.
To produce red composites with good wash fastness, AuNa2S2O5/16-MHA/Tween (Section 6.2.1)
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was used for EDC/NHS coupling with Pettinata wool. The AuNa2S2O5/16-MHA/Tween–
Pettinata composite was light-pink indicating the uptake of red AuNPs by the wool.
Moreover, the pink colour indicates that the LSPR characteristics of the immobilised
AuNPs were very similar to those observed for the colloidal particles. These findings
suggest that the R–COOH and R–NH2 groups involved in amide formation were highly
activated by EDC/NHS and led to almost complete exhaustion of the colloidal solution.
Unlike conventional dyeing processes that can damage wool, the colouration process studied
here involves conditions that inflict minimal fibre damage.[22] This retains the highly valued
properties of wool. Based on the findings discussed earlier, a more intense colouration
is most likely achieved by increasing the AuNP concentration on the wool surface. This
prospect offers the opportunity for future work.
Figure 6.16: Photo of a light-pink
AuNa2S2O5/16-MHA/Tween–Pettinata composite. The
LSPR characteristics of AuNPs on the wool appeared to
be similar to those in solution.
Prior work has documented the effectiveness of carbodiimide crosslinking chemistry in
amide formation from carboxy groups and primary amines. Hinterwirth et al.[192] studied
the exchange of TSC with bifunctional thiol molecules carrying various alkyl chain lengths
on the surface of the AuNPs and subsequent coupling of the carboxyl-functionalised AuNPs
with peptides. The current work tested the extent to which the carbodiimide coupling
chemistry is useful to produce wash fast nanogold–wool composites.
The current investigation showed that carboxyl-functionalised Au3-MPA (blueish grey),
AuNaBH4/MSA (brown), AuNaBH4/16-MHA (brown) and AuNa2S2O5/16-MHA/Tween (red) produced
grey, brown and pink nanogold–wool composites. Such composites showed considerable
durability. These findings extend those of previous work[8,206,267] and provide a proof-
of-concept that pre-synthesised, carboxyl-functionalised nanogold is covalently linked to
wool fibres via amide bond formation and gives grey and pink nanogold–wool composites,
respectively. In addition, the AuNa2S2O5/16-MHA/Tween was newly developed in this work.
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The colouration conditions chosen in here are preferred to conventional dyeing conditions,
as they allow the high quality and value of wool to be retained. This work, therefore,
indicates that the fundamental study of coupling AuNPs to amino acid residues of wool may
lead to the development of sophisticated methods to produce nanogold–wool composites
of a wide colour gamut as intended by this research.
Most notably, to my knowledge this is the first study that has investigated the effectiveness
of EDC/NHS coupling in developing a colouring method for wool fibres with AuNPs. The
results provide preliminary evidence for producing wash fast nanogold–wool composites with
pre-synthesised AuNPs and suggest that the approach will be effective in colouring wool that
exhibits excellent wash fastness properties. Therefore, future studies should include follow-
up work designed to (1) evaluate the durability of the AuNP–wool bond under standard
test conditions, (2) investigate AuNP ligands with a number of carboxyl-functionalities for
creating multiple covalent nanogold–wool linkages, and (3) explore options for scaling-up.
6.3 Summary
In summary, two new methodologies were developed to covalently link AuNPs to the wool
surface. The reaction conditions are mild (pH 4.7, RT and aqueous medium) in order to
inflict the least wool damage. Moreover, a new method for the carboxyl-functionalisation
of AuNPs via ligand exchange was developed. The new nanogold–wool composites are pink,
brown and grey and appear to exhibit good wash fastness as anticipated (proof-of-concept
only).
The results show that
(1) Au3-MPA was successfully reproduced. The colloids are blue due to particle aggregation
induced by the ligand exchange. Due to the large size of the aggregates, the particles
tend to sediment but readily re-disperse upon shaking.
(2) AuNa2S2O5/16-MHA/Tween system produces reliably red, carboxyl-functionalised AuNPs.
The colloids exhibit pH-independent stability.
(3) AuCiBA–wool composites are considered to be a model system for dyeing wool with
reactive AuNPs. The composites are grey due to premature AuNPs agglomeration
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in solution and exhibit a wash fastness of approximately 50%.
(4) Au3-MPA–wool composites are blueish grey depending on the level of particle agglom-
eration on the fibre surface, and have a wash fastness of approximately 50%.
(5) AuNaBH4/MSA– and AuNaBH4/16-MHA–wool composites are light-brown with identical
properties to those of colloidal AuNaBH4/MSA and AuNaBH4/16-MHA, respectively, and
appear wash fast.
(6) AuNa2S2O5/16-MHA/Tween–wool composites are light-pink with identical properties to
those of colloidal AuNa2S2O5/16-MHA/Tween, and appear wash fast.
All findings considering, composites consisting of wool and Au3-MPA and AuNa2S2O5/16-MHA/Tween
particles are the most promising candidates for wash fast wool coloured with AuNPs.
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Chapter 7
Conclusions and summary
Built upon the previous work on nanogold–wool composites, the current work developed
and studied composites consisting of pre-synthesised AuNPs and merino or crossbred
wool. The focus was on the fundamental mechanisms that govern the formation of these
composites and the underlying principles that change the colours of the AuNPs as a
function of particle agglomeration.
The study presented in this thesis optimised previously reported methodologies for colloidal
AuNPs and elucidated the effects of agglomeration of AuNPs on their colours. In virtually
all cases, the methodologies were refined towards the use for wool colouration. The colour
change of AuNPs during colouration was associated with substantial particle agglomeration
on the fibre surface. AuNPs with pH-independent stability due to steric stabilisation
showed a considerably lower level of agglomeration than AuNPs with pH-dependent
electrostatic stabilisation. These findings extend those of previous studies, confirming that
the colours of composites are directly related to the level of agglomeration of the AuNPs on
the fibre surface. Moreover, the improvement noted in this study was consistent with the
results obtained for the diffusion-controlled uptake of AuNPs. Although electrosterically
stabilised AuNPs tend to agglomerate, the level of agglomeration is considerably reduced
by decreasing the uptake rate. Collectively, the results show that the more controlled the
uptake rate, the lower the degree of agglomeration and the ‘cleaner’ the colour. Hence,
nanogold–wool composites of ‘clean’ colours are produced by using AuNPs that are highly
stable and kinetically controlling the uptake rate.
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The work developed new methodologies for spherical AuNPs and evaluated their suit-
ability for wool colouration. The suite of colloidal AuNPs was substantially enlarged by
a) AuNa2S2O5 , b) AuNa2S2O5/PVP, c) AuNa2S2O5/PMA, d) AuNa2S2O5/16-MHA/Tween, e) AuCiBA,
and f) AuCHT. These new systems are attractive candidates for ligand exchange reac-
tions, biomedical application and applications that require a reactive AuNP surface. The
AuNa2S2O5 and AuCiBA systems have already demonstrated their effectiveness as starting
material for ligand exchange reactions and wool colouration. Additionally, all methods
use a one-step, one-pot approach and basic laboratory equipment confirming the sim-
plicity of the methodologies. The work, therefore, indicates that the benefits gained
from the development of new colloidal AuNP systems address needs across the field of
nanotechnology.
The current study mastered the challenges of the wet-chemical synthesis of AuNRs with
tunable optical properties. The successful synthesis was associated primarily with the
CTAB and reaction temperature, and resulted in colloidal AuNRs of red, purple, blue and
turquoise colours. The optical properties were directly related to the position and width of
the longitudinal LSPR band of the AuNRs and to minor changes of the reaction conditions.
These findings provide convincing evidence that the critical reaction parameters were
systematically identified and overcome. In addition, the study here resulted in a tutorial
guide for the characterisation of colloidal AuNPs. Most notably, this is the first time
that AuNRs were synthesised in the research group of Prof. J. H. Johnston. Hence, the
study indicates that the synthesis of AuNRs is very complex and that, with mastering the
challenges, another specialist expertise has been added to the skill set of the nanotechnology
research group of Prof. J. H. Johnston.
The colour range of colloidal AuNPs was also extended by newly developed multi-branched
AuCHT particles which exhibit purple and blue colours. The colour change from red to
purple and blue was associated with the morphology of the anisotropic particles and
the dimensions of their nanoprotrusions. These findings demonstrate that CHT is a
capable growth-directing agent and that higher N2H4 concentrations shift the LSPR band
of the AuCHT colloids to longer wavelengths. Most notably, the study developed a new
methodology for colloidal AuCHT particles with pH-independent stability. Moreover, the
particles may be biocompatible and absorb light close to the NIR region. Thus, blue
AuCHT particles have properties that are highly demanded for biomedical applications.
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The work produced nanogold–wool composites through attachment of pre-synthesised
AuNPs to wool via electrostatic and covalent binding. In all cases, electrostatic binding
was directly related to the pH of the soaking solution, and the ZPs of the wool surface
and the AuNPs. Moreover, because the ZP of the AuNPs arises from the capping agent,
the electrostatic binding is directly related to the nature of the capping agent and its
physicochemical properties. These results extend those of previous work, elucidating that
wool takes up negatively charged AuNPs at pH < IERwool and positively charged AuNPs
at pH > IERwool with an IERwool at pH 2.2–3.8. Furthermore, the study identified the pH
stability of a colloidal AuNP system and, where applicable, its pI. Covalent binding was
associated with the reactive moiety of the capping agent employed and the EDC/NHS
reagents. The covalent binding is concomitant with wash fast nanogold–wool composites
showing that wash fastness is a function of the level of covalent linkage between gold
and wool. These findings break new ground, providing a proof-of-concept that AuNPs
can be customised with reactive capping agents and that EDC/NHS coupling chemistry
is a powerful technique to produce wash fast composites by covalently linking carboxyl-
functionalised AuNPs to amino acid residues of wool on a rather large scale. In addition, the
improvements noted here were performed at mild conditions that inflict least wool damage.
The current work, therefore, provides convincing evidence that a) in general, electrostatic
binding facilitates the colouration of wool with pre-synthesised AuNPs, and b) covalent
binding produces wash fast composites consisting of wool coloured with pre-synthesised
AuNPs.
Most notably, this is the first study to my knowledge to investigate the underlying principles
that govern the formation of nanogold–wool composites via electrostatic and covalent
binding. The results provide evidence for the production of nanogold–wool composites
with improved wash fastness through enhanced chemical AuNP–wool binding.
Overall, this study provides a significant and original contribution to the field of nan-
otechnology. The new knowledge and understanding will be beneficial for the scale-up
production of nanogold–wool composites, which is under investigation in the research
group of Prof. J. H. Johnston. In the long term, the current study is thought to expand the
market opportunities of the New Zealand wool industry. Moreover, the results provide a
deeper understanding of the physicochemical properties of AuNPs, which will be beneficial
for the application of AuNPs beyond the creation of nanogold–wool composites.
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Appendix A
A.1 Chemicals and materials
∗Reagent Grade.
†Analytical Reagent Grade.
‡Chemical meets the specifications of the American Chemical Society.
§Lab Reagent Grade.
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Table A.1: Chemicals
Name Grade Supplier Catalogue No.
1,3-propanedithiol 99% Aldrich P50609
1,8-octanedithiol ≥97% Aldrich O3605
10.01 pH buffer solution for pH meter calibration — Hannah Instruments HI 7010L
16-mercaptohexadecanoic acid 90% Aldrich 448303
1-hexanol RG∗, 98% Sigma-Aldrich H13303
2-(N -morpholino)ethanesulphonic acid ultrapure, >99.5% Apollo Scientific Limited BIB2002
3-mercaptopropionic acid ≥99% Aldrich M5801
4.01 pH buffer solution for pH meter calibration — Hannah Instruments HI 7004
4-amino-5-chloro-2,6-difluoropyrimidine technical grade Apollo Scientific Limited PC5989
7.01 pH buffer solution for pH meter calibration — Hannah Instruments HI 7007M
ALBAFLOW FFA-01, anionic penetration accelerant — Huntsman (Singapore)Pte Ltd —
Aluminum chloride hexahydrate 100% Riedel-de Haën 11016
Ammonia solution 35% in H2O Pure Science NZ AM35GB
Bis(p-sulfonatophenyl)phenylphosphine dihydrate dipotassium salt 97% Aldrich 698539
Boric acid >99.5% May & Baker Ltd B144/18/67
Cetyltrimethylammonium bromide BioUltra, ≥99.0% Fluka 52369
Cetyltrimethylammonium bromide 95% Hopkin & Williams Ltd 2978
Cetyltrimethylammonium bromide ≥98% LifeScience —
Chitosan (MW 10–30 kDa) — Pure Science NZ CH100/300
Chitosan (MW 2–3 kDa) degree of deacetylation = 85.6 % Pure Science NZ E200045
Chitosan (MW 5 kDa) — CarboMer, Inc. —
Chloroform for analysis, stabilised with amylene Fisher Scientific 10293850
Chloroform-d 99.8 atom % D Aldrich 151823
Citric acid >99.5% Ajax Chemicals —
Cyclohexane 100% Panreac 161250
D-(+)-glucosamine hydrochloride 99%, crystalline Sigma G4875
Dichloromethane stabilized with 20 ppm of amylene ARG† Panreac 141254
Continued on next page
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Table A.1: Chemicals – continued from previous page
Name Grade Supplier Catalogue No.
Ethanol 99.8+% Fisher Scientific 10437341
Gold standard for AAS TraceCERT, 1000 mg/L Au in hydrochloric acid Fluka 08269
Gold(III) chloride trihydrate ≥99.9% trace metals basis Aldrich 520918
Hexadecyltrimethylammonium bromide ≥98% Sigma H5882
Hexadecyltrimethylammonium bromide ≥96.0% Fluka 52370
Hydrazine solution 50% Peking Chemical Work —
Hydrochloric acid 37% Panreac 141020
Hydrochloric acid 1 mol l-1 Panreac 181021
Hydrogen peroxide 30%, ARG† Asia Pacific Speciality Chem. Ltd. —
Hydroxylamine solution 50 wt. % in H2O Aldrich 438227
L(+)-ascorbic acid crystalline, extra pure Merck 500074
L-cysteine ≥98% Sigma C7352
L-lysine monohydrochloride RG∗, ≥98% (TLC) Sigma-Aldrich L5626
Mercaptoacetic acid 97% BDH 30415
Mercaptosuccinic acid 97% Aldrich M6182
Methanol ARG†, 99.9% Mallinckrodt —
N -(3-dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride commercial grade, powder Sigma-Aldrich E7750
n-hexane 95% Panreac 363242
N -hydroxysuccinimide 98% Aldrich 130672
Nitric acid 70% LabServ BSPNL733.2.5
Octadecylamine 99% Aldrich 305391
Octylamine 99% Riedel-de Haën 62924
Oleylamine technical, 70 % Aldrich O7805
Oxalic acid dihydrate ACS‡ Ajax Chemicals 2449
Poly(diallyldimethylammonium chloride) solution 20 wt. % in H2O Aldrich 409022
Poly(methacrylic acid, sodium salt) 30 wt. % solution in water Aldrich 434507
Polyethylenimine, ethylenediamine branched average Mw 800 by LS, average Mn 600 by GPC Aldrich 408719
PVA 99+%, hydrolyzed Sigma-Aldrich 341584
Continued on next page
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Table A.1: Chemicals – continued from previous page
Name Grade Supplier Catalogue No.
PVP powder, average Mw 55,000 Aldrich 856568
Potassium dihydrogen orthophosphate 100% BDH 10203
Potassium hydroxide pellets LR‡ Pure Science NZ N1021197
Potassium nitrate chem. pure Riedel-de Haën 12648
Silver nitrate — SC Scientific & Chemical Supplies Ltd SI040
Sodium aluminate technical Ajax Chemicals 1559
Sodium bisulfate monohydrate ≥98.0% Ajax Chemicals 1821
Sodium borohydride powder, ≥98.0% Aldrich 452882
Sodium borohydride solution 2.0 M in triethylene glycol dimethyl ether Aldrich 215511
Sodium chloride 100% Pure Science NZ 100-1013
Sodium hydroxide pellets 98%, PA-ACS‡ -ISO Panreac 131687
Sodium hydroxide solution 1 mol l-1 Roth K021
Sodium metabisulfite ACS‡, ≥97.0% Sigma-Aldrich 255556
Sodium metabisulfite >93% May & Baker Ltd S278/18/66
Sodium pyrophosphate decahydrate > 99% BDH —
Sodium sulfate decahydrate 99% BDH —
Sodium sulfide flake — Pure Science NZ XA8027
Standard conductivity solution, 1413 µS cm-1 @ 25 ◦C — Thermo Fisher —
Sulfuric acid 95-97% Merck 100731
Tannic acid ACS‡ Sigma-Aldrich 403040
Tergitol, Type NP-9 — Sigma NP9
Tetrakis(hydroxymethyl)phosphonium chloride solution 80% Aldrich 404861
Tetraoctylammonium bromide purum, ≥98.0% (AT) Fluka 88000
Toluene ACS‡ Panreac 361745
Trichloromethane stabilized with 50 ppm of amylene ARG† Panreac 133101
Trisodium citrate dihydrate ACS‡, ≥99.0% Sigma-Aldrich S4641
Tween 60 — J. T. Baker Chemical Co 934334
Wool detergent Kindness liquid Colgate Palmolive Pty Ltd. —
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Table A.2: Materials and laboratory equipment
Category Name Manufacturer/Supplier Catalogue No.
Centrifuges Microcentrifuge Qualitron, Inc. DW-41
Eppendorf MiniSpin Plus Eppendorf 5453 000.011
Eppendorf Centrifuge 5702 R Eppendorf 5703 000.012
Sorvall GLC2 general lab centrifuge — —
Optima L-100 XP Beckman Coulter, Inc. —
Centrifuge supplies Microcentrifuge tubes, 1.5 mL Brand 780500
CELLSTAR tubes, 15 mL, PP, graduated, conical bottom Greiner Bio One 180271
CELLSTAR tubes, 50 mL, PP, graduated, conical bottom Greiner Bio One 210261
Vivaspin 20 sample concentrators, 5 kDa MWCO GE Healthcare 28-9323-59
Electron Microscopy supplies TEM copper grids formvar film on 400 mesh Cu ProSciTech GSCu 400 CH
SEM stainless steel studs, 10 mm — —
Carbon conductive tapes, double coated — —
Filters Durapore Membrane, PVDF, hydrophilic, 0.22 µm, 47 mm, white, plain Millipore GVWP04700
Glass microfiber filter paper, binder free, grade GF/F: 0.7 µm Whatman 1825-025
Syringe filters, PP, 0.45 µm + 1.0 µm pre-filter, 30 mm, non-sterile Micro Science 30AP045ANMS
Heating mantle EM electromantle, 50 mL Electrothermal EM0050/CE
Labmaster, 500 mL Isopad LMM/ER/500mL
Nuclear Magnetic Resonance supplies NMR economy sample tube, 5 mm, 300 MHz Wildmad WG-1226-7
pH measurement pH Testr 30 Eutech Instruments (Thermo Fisher Scientific) PHTEST30
Rotary Evaporator Laborota 4000 Heidolph —
Sample container Screw top vials Agilent Technologies 5182-0716
Shaker table Orbit 300 Multipurpose Digital Vortexer Labnet International, Inc. S-2030-300
Stirring hotplate Super-Nuova multi-position digital stirring hotplate Thermo Scientific SP135935Q
MSH-20 D digital hotplate stirrer Wisd Laboratory Instruemnts —
Syringe pump NE-1000 single-syringe pump New Era NE-1000
Ultrasonic bath Elmasonic S15 Elma Hans Schmidbauer GmbH & Co. KG 100 4626
Water bath MGW Lauda M3 LAUDA-Brinkmann, LP. —
Continued on next page
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Table A.2: Materials and Laboratory Equipment – continued from previous page
Category Name Manufacturer/Supplier Catalogue No.
SWB5050 shaking waterbath Labnet International —
Zetasizer Nano supplies Disposable folded capillary cells for Zetapotential Malvern Instruments DTS1061, DTS 1070
Plastibrand PMMA disposable cuvettes for Zetasize Carl Roth GmbH + Co. KG Y196.1
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A.2 Synthesis of AuNRs
Protocol A
A modification of the method reported by Nikoobakht and El-Sayed.[163]
Pot 1 Gold seeds were synthesised by mixing 2.5 mL distilled water and 2.5 mL
CTAB solution (0.2 M, in H2O) with 5 mL HAuCl4 solution (cAu3+ = 0.25 mM,
in H2O) and 0.3 mL NaBH4 (10 mM, in ethanol) in a 25 mL glass vial. The colour
changed immediately from colourless to light brown/orange/peach indicative
of tiny AuNPs. The mixture was stirred at 27–30 ◦C for 2–3.5 h to remove
unreacted NaBH4 by hydrolysis.
Pot 2 5 mL distilled water, 5 mL CTAB (0.2 M, in H2O), 50 µL AgNO3 (1 mM, in
H2O), 2.5 mL HAuCl4 solution (cAu3+ = 2 mM, in H2O) and 200 µL ascorbic
acid (50 mM, in H2O) were mixed and stirred for 5 min. 12 µL seeds from
pot 1 was added. The mixture was stirred thoroughly and left undisturbed
for 20 min. The colour changed gradually from colourless to light lilac, light
blue and lastly to intense blue indicating longitudinal growth. The volumes
of AgNO3 were varied between 50 and 250 µL, which yielded shades of royal
blue and turquoise. For purification, a AuNR colloid was transferred into a
50 mL centrifuge tube and centrifuged at 700 RCF for 7 min. The coloured
supernatant solution was discarded while the loose pellet was redispersed in
distilled water. The redispersed pellet was agitated to bring surfactant into
solution (= washing). If the pellet was very firm the sample was sonicated
to effect complete redispersion. This was followed by centrifugation. Such
spin–wash cycles were carried out three times to remove unbound CTAB from
AuNPs. The final pellet was redispersed in a minimum amount of distilled
water, for instance 0.1 mL. For visible absorption measurements, the AuNR
solutions were diluted with water shortly before analysis.
Protocol B
Modifications of the methods reported by Iqbal and Choi.[175,181]
Pot 1 Gold seeds were synthesised by mixing 1 mL CTAB solution (0.1 M, in H2O)
with 1 mL HAuCl4 solution (cAu3+ = 0.25 mM, in H2O) and 60 µL NaBH4
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(10 mM, in ethanol) in a 25 mL glass vial. The colour changed within minutes
from colourless to light brown/orange/peach indicating tiny AuNPs. The
mixture was stirred at 27–30 ◦C for 2 h to remove unreacted NaBH4 through
hydrolysis.
Pot 2 2 ml distilled water, 2 mL CTAB (0.2 M), 5 mL HAuCl4 solution
(cAu3+ = 2 mM, in H2O), 50 or 250 µL AgNO3 (1 mM, in H2O) and 100 µL
ascorbic acid (50 mM, in H2O) were mixed and stirred for 40 min. 12 µL
seeds from pot 1 was injected and thoroughly mixed. The mixture was left
undisturbed for 2 h. The colour changed gradually from colourless to light lilac,
to pale blue and lastly to intense blue, indicating longitudinal particle growth.
The blue solutions were kept at 27–30◦C overnight. Substances displayed lower
intensity, such as excess surfactant small AuNPs and Au3+, were removed by
two spin–wash cycles. For this, the colloid was divided into six portions each of
1.5 mL. The aliquots were placed in 1.5 mL centrifuge tubes and centrifuged
with a Microcentrifuge from Qualitron, Inc. until the AuNPs formed dense
pellets in the tube tips. The supernatants were discarded while the pellets were
completely redispersed in 1 mL distilled water each before being centrifuged
again. This spin–wash cycle was repeated once before the pellets were reunited
in one container using a total of 6 mL distilled water. For visible absorption
spectroscopy (visible) measurements, the AuNR solutions were diluted with
water shortly before analysing.
Protocol C
A modification of the method reported by Ye et al.[173]
Pot 1 Gold seeds were synthesised by mixing 5 mL CTAB solution (0.2 M, in H2O)
with 5 mL HAuCl4 solution (cAu3+ = 0.5 mM, in H2O) in a 25 mL glass vial and
stirring for 15 min at 30 ◦C before 0.6 mL NaBH4 (10 mM, in H2O) was added.
The mixture was stirred at 27–30 ◦C for 2 min before being left undisturbed
for at least 15 min but not longer than 2 h.
Pot 2 0.9 g CTAB and 0.08 g sodium salicylate were transferred into a 100 mL glass
beaker and dissolved in 25 mL distilled water at 50–60 ◦C within 10–15 min
under slow stirring. The solution was then brought to 30 ◦C before 0.6 mL
AgNO3 (4 mM, in H2O) was added. The mixture was stirred for another 15 min
210
at 30 ◦C. Upon addition of 25 mL HAuCl4 solution (cAu3+ = 0.5 mM, in H2O)
the mixture became dark yellow from formation of an Au3+–CTAB complex.
The mixture was stirred for another 15 min at 30 ◦C when the mixture again
turned colourless within the first 2 min. Then 0.1 mL ascorbic acid (0.064 M,
in H2O) was injected and the mixture was stirred for 30 s before 80 µL seeds
from pot 1 was added. The mixture was vigorously stirred for 1 min and then
left at 30 ◦C for 17 h. It was observed that lilac–grey AuNPs formed within
2 min and that the solution was blue after 20 min. After resting for 17 h, the
sample vessel was held at 4 ◦C to precipitate CTAB. Attempts to filter the
solution failed because of the solution density, which prevented passage through
even a wide-mesh metal sieve. Hence, the colloid was dialysed against distilled
water at 30 ◦C for 7 h. The distilled water was refreshed and the dialysis
was continued for another 16 h. During the second dialysis run, the colour of
the colloid changed from blue to purple and it was found that the colloid still
foamed due to CTAB residues.
AuNRs were also synthesised in accordance with a protocol without prior seed formation
as reported by Zijlstra et al.[176]
Protocol D
Modification of the method reported by Zijlstra et al.[176]
In a single pot, 50 mL CTAB (0.1 M, in H2O) was combined with 1 mL HAuCl4
solution (cAu3+ = 0.25 mM, in H2O), 1 mL AgNO3 (6 mM, in H2O) and 0.6 mL
ascorbic acid (0.1 M, in H2O) with continuous stirring. The mixture turned
pale yellow to colourless within seconds. The mixture was stirred for another
30 s before 50 µL NaBH4 solution (1.6 mM, in H2O) was injected whereupon
it turned dark purple within 5 min and was dark red after 2.5 h. The colloid
was removed from the stirring hotplate and left undisturbed at RT for 20 h.
During this time CTAB partially precipitated from the solution. Unbound
CTAB was removed from solution by standing the mixture for 2 h at 4 ◦C,
followed by 3 h at −20 ◦C and again for 68 h at 4 ◦C. The defrosted sample
contained large amounts of CTAB flakes and the colour had changed from dark
red to purple. The CTAB precipitate was removed by filtration with a Millipore
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membrane (0.45 µm, type: HV, PVDF) at 4 ◦C. Because silvery flakes of CTAB
still remained immersed in the colloid, the sample was again frozen for 16 h,
defrosted for 2 h at 4 ◦C, and filtered with a Millipore membrane (0.45 µm,
type HV, PVDF) at 4 ◦C. Finally, the colloid was filtered through a syringe
filter (0.45 µm, PP). The clean purple colloid was characterised with visible
absorption spectroscopy and TEM.
A.3 NMR results
Figure A.1: 1H NMR spectrum of CiBA (500 MHz; D2O) (Section 4.2, page 120).
1H NMR analysis of CiBA Data from the 1H NMR spectrum for Figure A.1 are: δH
6.31 (dd, J = 17.1, 10.3 Hz, 1H, H1), 6.19 (d, J = 17.1 Hz, 1H, H3 trans), 4.57 (dd,
J = 9.0, 4.2 Hz, 1H, Hα), 3.69 (d, J = 1.7 Hz, 0.05H, N–H), 3.27 (dd, J = 14.0, 4.2 Hz,
1H, Hβ), 2.95 (dd, J = 14.1, 9.0 Hz, 1H, Hβ).
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Figure A.2: Integrated 1H NMR spectrum of extracted OLA for quantitative analysis (Sec-
tion 3.1.3, page 75). Peak areas are 0.59 at δH 2.74, 1.00 at δH 5.34 and 3.09 at δH 4.33
(= standard), respectively.
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